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Several topics on CP violation in the lepton sector are reviewed. A few theoretical
aspects concerning neutrino masses, leptonic mixing, and CP violation will be covered,
with special emphasis on seesaw models. A discussion is provided on observable effects
which are manifest in the presence of CP violation, particularly, in neutrino oscillations
and neutrinoless double beta decay processes, and their possible implications in collider
experiments such as the LHC. The role that leptonic CP violation may have played
in the generation of the baryon asymmetry of the Universe through the mechanism of
leptogenesis is also discussed.
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2I. INTRODUCTION
The violation of the product of the charge conjuga-
tion (C) and parity (P) symmetries, i.e., CP violation
(CPV), is well established in the quark sector of the stan-
dard model (SM). At present, there is clear evidence that
the Cabibbo-Kobayashi-Maskawa (CKM) matrix is com-
plex, even if one allows for the presence of new physics
in the Bd - B¯d and Bs - B¯s mixings. From a theoretical
point of view, the complex phase in the CKM matrix
may arise from complex Yukawa couplings and/or from
a relative CP-violating phase in the vacuum expectation
values (VEV) of Higgs fields. In either case, one expects
an entirely analogous mechanism to arise in the lepton
sector, leading to leptonic CP violation (LCPV).
The discovery of neutrino oscillations provides evi-
dence for nonvanishing neutrino masses and leptonic mix-
ing. Therefore, it is imperative to look for possible man-
ifestations of CP violation in leptonic interactions. The
ideal playground for such a program relies on the phe-
nomenon of neutrino oscillations. At present, several ex-
periments are being planned to pursue such a task, in-
cluding long-baseline facilities, superbeams, and neutrino
factories. Hopefully, they will be able to measure the
strength of CP violation and provide a knowledge of the
leptonic mixing comparable to what is presently known
about the quark sector. Yet, it is crucial to look for
alternative manifestations of CP violation outside neu-
trino oscillations. In particular, the effects of Majorana-
type phases may arise in neutrinoless double beta de-
cay (0νββ) processes. The observation of such processes
would establish the Majorana nature of neutrinos and,
possibly, provide some information on the Majorana CP
phases. In this review, we discuss the observable effects,
which are manifest in the presence of leptonic CP viola-
tion. We present a short review of the neutrino oscillation
formalism and summarize the prospects for the discovery
of CP violation in the lepton sector. The possibility of ex-
tracting information about Majorana phases from 0νββ
decay processes is also discussed.
The fact that neutrino masses are so small constitutes
one of the most puzzling problems of modern particle
physics. From a theoretical point of view, the smallness
of neutrino masses can be elegantly explained through
the seesaw mechanism, which can be realized in several
ways depending on the nature of the heavy states added
to the SM particle content. One of the most popular
variants is the one in which the tree-level exchange of
heavy neutrino singlets mediates the process of neutrino
mass generation. The mechanism can be equally imple-
mented considering, for instance, heavy scalar or fermion
triplets. We review some of the realizations of the seesaw
mechanism and discuss different parametrizations, which
are useful when establishing a bridge between low-energy
and high-energy CP violation in the lepton sector. This
analysis will be relevant for the discussion of the connec-
tion between low-energy neutrino physics and leptogene-
sis, one of the most appealing scenarios for the generation
of the baryon asymmetry of the Universe.
After the discovery of neutrino oscillations, several
models have been put forward to offer an explanation
for the pattern of neutrino masses and leptonic mixing.
Future data from several kinds of experiments, ranging
from kinematical searches to cosmology, will probably
shed some light on the ultimate structure of the neutrino
mass and mixing. In this regard, there are still funda-
mental questions to be answered: Are neutrinos Dirac or
Majorana particles? What is the absolute neutrino mass
scale? How are neutrino masses ordered? How large is
the 1-3 leptonic mixing angle?
The explanation of the cosmological matter-antimatter
asymmetry observed in nature constitutes one of the
greatest challenges for modern particle physics and cos-
mology. We have entered a new era marked by outstand-
ing advances in experimental cosmology and an unprece-
dented precision in measuring several cosmological pa-
rameters. In particular, the seven-year data recently col-
lected from the Wilkinson Microwave Anisotropy Probe
(WMAP) satellite have placed the observed baryon
asymmetry in a rather narrow window. These measure-
ments have also made it clear that the current state of
the Universe is very close to a critical density and that
the primordial density perturbations that seeded large-
scale structure formation in the Universe are nearly scale
invariant and Gaussian, which is consistent with the in-
flationary paradigm. Since any primordial asymmetry
would have been exponentially diluted during inflation,
a dynamical mechanism must have been operative after
this period, in order to generate the baryon asymmetry
that we observe today. The present review is not aimed
at covering all the theoretical ideas on baryogenesis ex-
tensively developed over the last few years. Instead, we
focus our discussion on the simplest leptogenesis scenar-
ios, putting the emphasis on the role that leptonic CP
violation may have played in the origin of matter. After
briefly reviewing the simplest seesaw leptogenesis mecha-
nisms, we analyze the possibility of establishing a bridge
between leptonic CP violation at high and low energies.
As it turns out, there is no model-independent relation
between CP violation in leptogenesis and the observable
phases of the low-energy leptonic mixing matrix. Such a
link can only be established by restricting the number of
free parameters in the leptonic flavor sector. From the
model-building viewpoint, these restrictions are also nec-
essary to fully reconstruct the neutrino mass matrix from
low-energy data measured in feasible experiments.
In the analysis of lepton flavor models, a useful ap-
proach when addressing the question of CP violation is
the construction of the CP-odd weak basis (WB) invari-
ants. Independent of the basis choice and phase con-
vention, any of these quantities should vanish if CP is
an exact symmetry of the theory. Thus, in CP-violating
3theories which contain several phases, invariants consti-
tute a powerful tool to investigate whether a particular
model leads to leptonic CP violation at high and/or low
energies. In our review, we briefly present such an invari-
ant approach, in an attempt at relating leptogenesis with
low-energy leptonic mixing phases. Finally, other inter-
esting issues that we address here include the connection
of leptogenesis with flavor symmetries and its viability
under the hypothesis of minimal lepton flavor violation.
The layout of the review is as follows. In Sec. II, we
review several topics related with fundamental aspects of
neutrino masses, mixing, and CP violation in the lepton
sector. First, in Sec. II.A, we study leptonic mixing and
CP violation in the case when neutrino masses are gener-
ated by new physics which breaks the difference between
baryon (B) and lepton (L) numbers, i.e., (B − L). Our
analysis exclusively relies on the low-energy limit and not
on any particular (B − L)-breaking mechanism to give
masses to neutrinos. The construction of Dirac and Ma-
jorana unitarity triangles is presented in Sec. II.B, and
the CP transformation properties in the lepton sector of
the Lagrangian are discussed in Sec. II.C. The weak-
basis invariants relevant for low-energy CP violation are
then introduced in Sec II.D. In Sec. II.E, we recall the
most popular versions of the seesaw mechanism for the
neutrino mass generation, and in Sec. II.F we make a
short digression on the origin of CP violation. We also
briefly comment on the hypothesis of minimal lepton fla-
vor violation in Sec. II.G. The present status of the neu-
trino mass and mixing parameters and the basic aspects
of neutrino oscillations in vacuum and matter are briefly
reviewed in Sec. III.A and III.B. In the latter section,
we focus on aspects related to CPV in neutrino oscilla-
tions and on the prospects of establishing CPV in future
experiments. The possibility of probing CPV in 0νββ
decays is discussed in Sec. III.C. In the framework of the
type II seesaw mechanism, the CP-violating phases play
a crucial role in the predictions for lepton flavor-violating
charged-lepton decays, and also in the scalar triplet de-
cays at accelerators, as discussed in Sec. III.D and III.E,
respectively. Nonunitarity effects in the lepton sector are
discussed in Sec. III.F. Section IV is devoted to the dis-
cussion of the possible role of leptonic CP violation in the
origin of the matter-antimatter asymmetry in the context
of leptogenesis. After reviewing the three main variants
of this mechanism in Sec. IV.A, we discuss in Sec. IV.B
how high-energy and low-energy CP violation can be re-
lated in some specific cases. We then briefly comment
on the relevant CP-odd WB invariants for leptogenesis
in Sec. IV.C. Finally, our conclusions and outlook are
drawn in Sec. V.
II. NEUTRINO MASSES, MIXING, AND LEPTONIC CP
VIOLATION
Neutrinos are strictly massless in the SM. No Dirac
mass can be written since the right-handed neutrino field
νR is not introduced, and no Majorana mass term can
be generated, either in higher orders of perturbation
theory or by nonperturbative effects, due to an exact
(B−L) conservation. A Majoranamass term has the form
νTLiCνLjmij and violates (B − L) by two units, so it is
forbidden by the exact (B−L) symmetry. Because of the
vanishing of neutrino masses, there is no leptonic mixing
or leptonic CP violation in the SM. Any mixing generated
in the diagonalization of the charged-lepton masses can
be “rotated away” through a redefinition of the neutrino
fields. Therefore, the experimental discovery of neutrino
oscillations, pointing to nonvanishing neutrino masses, is
a clear indication of physics beyond the SM.
A. The low-energy limit
We start by studying leptonic mixing and CP violation
in an extension of the SM with neutrino masses gener-
ated by new physics which breaks (B− L). Our analysis
follows an effective theory approach, without relying on
any particular mechanism that breaks (B− L) and gives
masses to neutrinos. Later on we present several real-
izations in which the (B−L)-breaking occurs due to the
decoupling of heavy states.
1. Lepton mass terms
We assume that the gauge symmetry breaking has
taken place and charged-lepton masses have been gener-
ated through the Yukawa couplings with the Higgs dou-
blet, while Majorana neutrino masses arise from some un-
specified (B− L)-breaking new physics. The Lagrangian
mass terms are
Lmass = −lLml lR − 1
2
νTLCmν νL +H.c., (2.1)
where lL,R ≡ (e, µ, τ)TL,R stands for the SM charged-
lepton fields, νL ≡ (νe, νµ, ντ )TL are the left-handed neu-
trino fields, andml,ν are arbitrary complex matrices, be-
ing mν symmetric.
There is clear evidence in the quark sector that the
CKM mixing matrix is complex, even if one allows for
the presence of new physics (Botella et al., 2005). So, in
analogy, we assume the existence of leptonic CP violation
arising from complex lepton masses. The mass matrices
of Eq. (2.1) are written in a weak basis, i.e., a basis for
the lepton fields with real and flavor diagonal charged
currents,
LW = g√
2
lLγµνLW
µ +H.c.. (2.2)
4The lepton mass matrices ml and mν encode all infor-
mation about lepton masses and mixing. However, there
is a redundancy of free parameters in these matrices so
that not all of them are physical. This redundancy stems
from the fact that one has the freedom to make a unitary
WB transformation,
νL =WL ν
′
L, lL =WL l
′
L, lR =WR l
′
R, (2.3)
under which all gauge currents remain real and diagonal,
but the matrices ml and mν transform in the following
way:
m
′
l =W
†
LmlWR, m
′
ν =W
T
LmνWL. (2.4)
One may also use the freedom to makeWB transforma-
tions to go to a basis whereml = dl is real and diagonal.
In this basis, one can still make the rephasing
l′′L,R = KL l
′
L,R, ν
′′
L = KL ν
′
L, (2.5)
with KL = diag(e
iϕ1 , eiϕ2 , eiϕ3). Under this rephasing
dl remains invariant, but mν transforms as
(m′′ν)ij = e
i(ϕi+ϕj) (m′ν)ij . (2.6)
Since m′ν is an arbitrary complex symmetric matrix it
has n(n + 1)/2 phases, where n denotes the number of
generations. One is still free to rephase Eq. (2.6) and
further eliminate n phases. One is then left with
Nφ =
1
2
n(n− 1) (2.7)
physically meaningful phases1. It will be shown in the
sequel that these phases in general violate CP. Note that
the Nφ phases appear in a WB, prior to the diagonaliza-
tion of both ml and mν , and the generation of the lep-
tonic mixing matrix. Note also that Nφ coincides with
the number of physical phases appearing in the leptonic
mixing.
For three generations, Nφ = 3, and one may use the
rephasing of Eq. (2.6) in order to make, for example,
all the diagonal elements of mν real. For this choice,
the three CP-violating phases can be identified with
arg[(mν)12], arg[(mν)13] and arg[(mν)23]. It is clear that
the individual phases of (mν)ij do not have any physical
meaning, since they are not invariant under the rephasing
given in Eq. (2.6). One may, however, construct polyno-
mials of (mν)ij which are rephasing invariant (Farzan
and Smirnov, 2007), such as
P1 = (m
∗
ν)11 (m
∗
ν)22 (mν)
2
12,
P2 = (m
∗
ν)11 (m
∗
ν)33 (mν)
2
13,
P3 = (m
∗
ν)33 (m
∗
ν)12 (mν)13 (mν)23.
(2.8)
1 Alternatively, the parameter counting can be performed by ana-
lyzing the symmetries of the Lagrangian (Santamaria, 1993).
2. Leptonic mixing
The lepton mass matrices in Eq. (2.1) are diagonalized
by the unitary transformations
U
l †
L mlU
l
R = dl , U
ν T
mνU
ν = dm , (2.9)
where UlL,R and U
ν are unitary matrices; dl and dm are
diagonal matrices. In terms of the lepton mass eigen-
states, the charged current becomes
LW = g√
2
lLγµU νLW
µ +H.c., (2.10)
where U = Ul †L U
ν is the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) leptonic mixing matrix. The matrix U
is unitary, so it has n2 parameters; n(n − 1)/2 of these
parameters can be used to define the O(n) rotation, while
n phases of U can be removed through the rephasing of
n charged-lepton fields. Thus, one is left with n(n− 1)/2
phases characterizing CP violation in U. As mentioned,
this number of phases coincides with the number of phys-
ical phases Nφ in the neutrino mass matrix, counted in a
WB in which the charged-lepton mass matrix is diagonal
and real.
For three generations, the 3 × 3 matrix U is conve-
niently parametrized by (Nakamura et al., 2010)
U = VK, K = diag(1, eiα1/2, eiα2/2), (2.11)
with α1,2 denoting the phases associated with the Majo-
rana character of neutrinos (Bernabeu and Pascual, 1983;
Bilenky et al., 1980; Doi et al., 1981; Schechter and Valle,
1980), and the unitary matrixV written, as in the case of
the CKM quark mixing matrix, in terms of three mixing
angles (θ12, θ23, θ13) and one phase δ,
V = c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e
iδ c23c13
.
(2.12)
Hereafter, sij = sin θij and cij = cos θij with the mixing
angles chosen to lie in the first quadrant, and δ is a Dirac-
type CP-violating phase. An alternative parametrization
of the mixing matrix U, which turns out to be more
appropriate for the 0νββ analysis, is given by
U = VK′, K′ = K diag
(
1, 1, eiδ
)
. (2.13)
In what follows, we also use the simplified notation
U =
Ue1 Ue2 Ue3Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3
 (2.14)
to denote the matrix elements of U.
5It is clear that the phase of a particular matrix element
of U does not have any physical meaning. This reflects
the fact that under a rephasing of the charged-lepton
fields lLj → l′Lj = eiφj lLj the matrix U transforms as
Ujk → U′jk = eiφjUjk. (2.15)
This is entirely analogous to what one encounters in the
quark sector. The novel feature in leptonic mixing with
Majorana neutrinos is that one cannot rephase Majorana
neutrino phases since this would not leave invariant the
neutrino mass terms. Note that we consider real neu-
trino masses, which satisfy Majorana conditions that do
not contain phase factors. It should also be emphasized
that rephasing invariance is a requirement for any phys-
ical quantity. In the quark sector, the simplest rephas-
ing invariant functions of the CKM matrix elements Vij ,
apart from the trivial example of moduli, are the rephas-
ing invariant quartets VijV
∗
kjVklV
∗
il. In the lepton sec-
tor with Majorana neutrinos, the simplest rephasing in-
variant functions of the PMNS matrix elements Uij are
the bilinears of the type UijU
∗
ik (Aguilar-Saavedra and
Branco, 2000; Nieves and Pal, 1987, 2001), with j 6= k
and no summation over repeated indices. We then des-
ignate “Majorana-type” phases the following quantities:
γjk ≡ arg(UijU∗ik). (2.16)
From their definition, one can readily see that in the case
of three generations there are six independent Majorana-
type phases γjk. Using unitarity, one can then recon-
struct the full matrix U from these six Majorana-type
phases (Branco and Rebelo, 2009).
B. Dirac and Majorana unitarity triangles
In a SM-like theory with an arbitrary number of gener-
ations, quark mixing is defined through the CKM matrix
which is unitary by construction. For three standard gen-
erations, unitarity leads to various relations among the
moduli of the CKM matrix and rephasing invariant an-
gles. These relations provide a crucial test of the SM and
its mechanism of mixing and CP violation. We assume,
for the moment, that the PMNS matrix U is unitary.
Then one can construct six unitarity triangles from the
orthogonality of the rows and columns of U (Aguilar-
Saavedra and Branco, 2000). These triangles are analo-
gous to the ones used in the quark sector to study various
manifestations of CP violation. However, in the case of
Majorana neutrinos there is an important difference. In
the quark sector, the orientation of the unitarity triangles
in the complex plane has no physical meaning, since un-
der rephasing of the quark fields all triangles rotate. For
example, one may choose in the quark sector, without
loss of generality, any side of a given triangle to coincide
with the real axis.
Ue1U
∗
e2
Uµ1U
∗
µ2
Uτ1U
∗
τ2
FIG. 1 Majorana unitarity triangle T12. The arrows indicate
the orientation of the triangle, which is determined by the
Majorana phases and cannot be rotated in the complex plane.
In the lepton sector with Majorana neutrinos there are
two types of unitarity triangles: Dirac triangles that cor-
respond to the orthogonality of rows,
Teµ : Ue1U
∗
µ1 +Ue2U
∗
µ2 +Ue3U
∗
µ3 = 0,
Teτ : Ue1U
∗
τ1 +Ue2U
∗
τ2 +Ue3U
∗
τ3 = 0,
Tµτ : Uµ1U
∗
τ1 +Uµ2U
∗
τ2 +Uµ3U
∗
τ3 = 0,
(2.17)
and Majorana triangles that are defined by the orthogo-
nality of columns,
T12 : Ue1U
∗
e2 +Uµ1U
∗
µ2 +Uτ1U
∗
τ2 = 0,
T13 : Ue1U
∗
e3 +Uµ1U
∗
µ3 +Uτ1U
∗
τ3 = 0,
T23 : Ue2U
∗
e3 +Uµ2U
∗
µ3 +Uτ2U
∗
τ3 = 0.
(2.18)
It is clear from Eq. (2.17) that the orientation of Dirac
triangles has no physical meaning since under the rephas-
ing of the charged-lepton fields these triangles rotate in
the complex plane, UikU
∗
jk → ei(φi−φj)UikU∗jk, in ac-
cordance with Eq. (2.15). On the contrary, the orienta-
tion of Majorana triangles does have physical meaning
since these triangles remain invariant under rephasing
(cf. Fig. 1).
Leptonic CP violation with Majorana neutrinos has
some novel features, when compared to CP violation in
the quark sector. In the latter case, there is CP violation
if and only if the imaginary part of a rephasing invariant
quartet of the CKM matrix elements does not vanish. It
is an important consequence of the unitarity of the CKM
matrix that the imaginary part of all invariant quartets
have the same modulus. The only meaningful phases
in the quark sector are the arguments of rephasing in-
variant quartets. In the lepton sector, one may have an
entirely analogous CP violation from the nonvanishing
of the imaginary part of an invariant quartet of U. In
the limit when U is unitary, again the imaginary part
of all invariant quartets have the same modulus. Never-
theless, one may also have Majorana-type CP violation
associated with the Majorana-type phases, identified as
arguments of the rephasing invariant bilinears defined in
Eq. (2.16).
In order to understand some of the special features
of leptonic CP violation with Majorana neutrinos, it is
instructive to study the limit of CP invariance. This case
6can be analyzed using the Majorana unitarity triangles
of Eq. (2.18), which provide the necessary and sufficient
conditions for CP conservation:
(i) Vanishing of their common area A = 1/2 |ImQ|,
with Q = UijU
∗
kjUklU
∗
il standing for any invariant
quartet of U (no sum over repeated indices and
i 6= k, j 6= l);
(ii) Orientation of all Majorana triangles along the di-
rection of the real or imaginary axes.
The first requirement eliminates the possibility of
Dirac-type CP violation while the second condition im-
plies that Majorana phases do not violate CP. In order to
understand requirement (ii), we assume that condition (i)
is satisfied, i.e., all triangles collapse. If all Majorana tri-
angles Tjk collapse along the real axis then γjk = 0 in
Eq. (2.16). It is obvious that CP is conserved in this case
and the leptonic mixing matrixU is real. If one of the tri-
angles Tjk collapse along the imaginary axis, this means
that the mass eigenstates νj and νk have opposite CP
parities, but no CP violation is implied. One can make
the triangle Tjk, which collapsed in the imaginary axis
to collapse in the real axis instead, by multiplying the
Majorana fields by ±i and rendering the corresponding
mass eigenstate negative.
C. Majorana neutrinos and CP violation
In order to study CP violation in an extension of the
SM with Majorana masses for left-handed neutrinos, it
is convenient to consider the Lagrangian after the spon-
taneous gauge symmetry breaking. The relevant part of
the Lagrangian reads
L = −lLml lR − 1
2
νTLCmν νL +
g√
2
lLγµνLW
µ +H.c. .
(2.19)
The CP transformation properties of the various fields
are dictated by the part of the Lagrangian which con-
serves CP, namely, the gauge interactions. One should
keep in mind that gauge interactions in a WB do not
distinguish the different generations of fermions and, con-
sequently, the Lagrangian of Eq. (2.19) conserves CP if
and only if there is a CP transformation defined by
CP lL (CP )
† =WLγ0C lL
T
,
CP νL (CP )
† =WLγ0C νLT ,
CP lR (CP )
† =WRγ0C lR
T
,
(2.20)
where WL and WR are unitary matrices acting in gen-
eration space.
Often, in the literature, the transformations given in
Eqs. (2.20) are referred to as generalized CP transfor-
mation. This is a misnomer, since the inclusion of the
unitary matrices WL and WR is mandatory for a cor-
rect definition the CP transformation, in view of the fla-
vor symmetry of gauge interactions. The lepton fields lL
and νL have to transform in the same way due to the
presence of the left-handed charged-current interactions.
Then, the Lagrangian of Eq. (2.19) conserves CP if and
only if the lepton mass matrices mν and ml satisfy the
following relations:
W
T
LmνWL = −m∗ν , W†LmlWR =m∗l . (2.21)
The above CP conditions are WB independent in the
sense that if there exist matricesWL andWR that sat-
isfy Eq. (2.21) when mν and ml are written in a particu-
lar WB, they will also exist when the mass matrices are
written in another WB. One can use this WB indepen-
dence to study the CP restrictions in an appropriate WB.
We perform this analysis in two different basis. We first
consider the basis of real and diagonal charged-lepton
mass matrix. At this stage, mν is an arbitrary complex
symmetric matrix. While keeping ml diagonal, real, and
positive, one can still make a WB transformation which
renders the diagonal elements of mν real. In this basis,
Eq. (2.21) constrainsWL to be of the form
WL = diag (±i,±i,±i). (2.22)
Substituting Eq. (2.22) into Eq. (2.21), one concludes
that CP invariance constrains the elements of mν to be
either real or purely imaginary. Note, for instance, that
the matrix
mν =
 |m11| |m12| i|m13||m12| |m22| i|m23|
i|m13| i|m23| |m33|
 (2.23)
does not lead to CP violation, since Eqs. (2.21) can be
satisfied with WL = diag (i, i,−i). One could have also
suspected that the matrixmν defined in Eq. (2.23) would
correspond to CP invariance since ImPi = 0, where Pi
denotes the rephasing invariants given in Eqs. (2.8).
D. Weak-basis invariants and low-energy CP violation
We have seen that the existence of unitary matrices
WL and WR satisfying Eqs. (2.21) is a necessary and
sufficient condition for having CP invariance in the low-
energy limit. We address now the question of finding CP-
odd WB invariants which would detect CP violation in
the lepton sector. Obviously, these WB invariants should
be written in terms ofmν and ml. It is well known that,
in the quark sector of the SM with three generations,
there is only one CP-odd WB invariant which controls
CP violation at low energies, namely, (Bernabeu et al.,
1986; Gronau et al., 1986),
J CPquark = Tr
[
mum
†
u,mdm
†
d
]3
, (2.24)
7where mu and md denote the up and down quark mass
matrices, respectively2.
In the case of three (Dirac or Majorana) neutrinos,
one can write an entirely analogous CP-odd WB invari-
ant which controls Dirac-type CP violation in the lepton
sector:
J CPlepton = Tr
[
(mνm
†
ν)
∗,mlm
†
l
]3
. (2.25)
This relation can be computed in any weak basis. The
low-energy invariant (2.25) is sensitive to the Dirac-type
phase δ and vanishes for δ = 0. On the other hand, it
does not depend on the Majorana phases α1 and α2 ap-
pearing in the leptonic mixing matrix U. The quantity
J CPlepton can be fully written in terms of physical observ-
ables,
J CPlepton =− 6 i (mµ2 −me2) (mτ 2 −mµ2) (mτ 2 −me2)
×∆m221∆m231∆m232 J 21eµ , (2.26)
where ∆m2ji = m
2
j − m2i are the light neutrino mass-
squared differences. As shown in Sec. III.B, the quantity
J 21eµ is the imaginary part of an invariant quartet ap-
pearing in the difference of the CP-conjugated neutrino
oscillation probabilities P (νe → νµ) − P (ν¯e → ν¯µ). One
can easily get
J 21eµ ≡ Im [U11U22U∗12U∗21 ]
=
1
8
sin(2 θ12) sin(2 θ13) sin(2 θ23) sin δ , (2.27)
where θij are the mixing angles in the standard
parametrization of Eq. (2.12).
The requirement J CPlepton 6= 0 is a necessary and suf-
ficient condition for having Dirac-type leptonic CP vio-
lation, independent of whether neutrinos are Majorana
or Dirac particles. However, in the case of Majorana
neutrinos there is also the possibility of Majorana-type
CP violation. It is therefore interesting to find CP-odd
invariants which could directly detect this type of CP vi-
olation, even in the limit when there is no Dirac-type CP
violation. An example of such an invariant is (Branco
et al., 1986)
J CPMaj = Im Tr
(
mlm
†
lm
∗
νmνm
∗
νm
T
l m
∗
lmν
)
. (2.28)
The simplest way of verifying that J CPMaj is sensitive
to Majorana phases is by evaluating it for the particular
case of two Majorana neutrinos. In this situation, there is
only one Majorana-type phase and no Dirac-type phase.
The leptonic mixing matrix can be parametrized by
U =
(
cos θ − sin θ eiγ
sin θ e−iγ cos θ
)
, (2.29)
2 This invariant can also be written in the equivalent form
JCP
quark
= Im Det
([
mum
†
u,mdm
†
d
])
(Jarlskog, 1985).
where γ denotes the Majorana phase. An explicit evalu-
ation of J CPMaj gives
J CPMaj =
1
4
m1m2∆m
2
21(m
2
µ −m2e)2 sin2 2θ sin 2γ. (2.30)
It is worth pointing out that J CPMaj shows explicitly some
subtle points of Majorana-type CP violation. In partic-
ular, it shows that a phase γ = π/2 does not imply CP
violation; it simply corresponds to CP invariance with
the two neutrinos having opposite CP parities.
The invariants given in Eqs. (2.25) and (2.28) vanish if
neutrinos are exactly degenerate in mass. In this limit,
the parametrization of the mixing matrix U requires, in
general, two angles and one CP-violating phase. This is
to be contrasted to the case of Dirac neutrinos, in which
there is no mixing or CP violation in the exact degen-
eracy limit. Therefore, leptonic CP violation may arise
even when the three Majorana neutrinos have identical
mass (Branco et al., 1986). It is possible to construct a
WB invariant which controls the strength of the CP vio-
lation in the latter case (Branco et al., 1999b), namely,
J CPdeg = Tr
[
mνmlm
†
lm
∗
ν ,m
∗
lm
T
l
]3
. (2.31)
A necessary and sufficient condition for CP invariance is
J CPdeg = 0. The CP-odd invariant (2.31) can be expressed
in terms of lepton masses and mixing parameters by
choosing the WB in which mlm
†
l = diag (m
2
e,m
2
µ,m
2
τ ).
Parametrizing the mixing matrix U in the standard form
of Eqs. (2.11) and (2.12), with vanishing θ13 and δ, and
α1 = 2π, so that in the limit of CP invariance one of the
Majorana neutrinos has relative CP parity opposite to
the other two, one obtains
J CPdeg =−
3i
2
m6(m2τ −m2µ)2(m2τ −m2e)2(m2µ −m2e)2
× cos(2θ12) sin2(2θ12) sin2(2θ23) sinα2, (2.32)
wherem denotes the common neutrino mass. The special
feature of the WB invariant of Eq. (2.32) is the fact that,
in general, it does not vanish, even in the limit of exact
degeneracy of the three Majorana neutrino masses.
E. Seesaw mechanisms for neutrino mass generation
In the SM, quarks and charged fermions get masses
through renormalizable Yukawa couplings with the Higgs
doublet φ = (φ+, φ0)T , and their corresponding mass
terms break the SU(2)L gauge symmetry as doublets.
In contrast, a Majorana neutrino mass term, as the one
given in Eq. (2.19), breaks SU(2)L as a triplet, and
therefore it cannot be generated in the same way. This
term is most likely to arise from higher dimensional op-
erators, such as the lepton number violating (∆L = 2)
dimension-five operator O = (ℓαφ)(ℓβφ)/M (Weinberg,
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FIG. 2 Canonical seesaw mechanisms for neutrino mass gen-
eration. The left diagram corresponds to type I and type III
seesaw masses, mediated by the tree-level exchange of singlet
(νR) and triplet (Σ) fermions, respectively. The right diagram
leads to type II seesaw neutrino masses via the exchange of a
triplet scalar ∆.
1980), where ℓ = (lL, νL) is the SM lepton doublet.
Once the Higgs field acquires a nonzero vacuum expec-
tation value, 〈φ0〉 = v, Majorana neutrino masses pro-
portional to v2/M are induced, in contrast to the quark
and charged-lepton masses which are linear in v. Thus,
if the mass scaleM is much heavier than the electroweak
breaking scale v, neutrinos could naturally get masses
much smaller than all the other SM fermions.
The simplest and perhaps most attractive realization of
the operator O in gauge theories is through the so-called
seesaw mechanism. In this approach, the effective opera-
tor O is induced by the exchange of heavy particles with
a mass scaleM . Such heavy states are commonly present
in grand unified theories (GUT). Several seesaw realiza-
tions are conceivable for neutrino mass generation (Mo-
hapatra et al., 2007; Nunokawa et al., 2008). The fol-
lowing three types, schematically depicted in Fig. 2, are
among the most popular ones:
• Type I (Gell-Mann et al., 1979; Glashow, 1980;
Minkowski, 1977; Mohapatra and Senjanovic, 1980;
Yanagida, 1979), mediated by heavy fermions, sin-
glets under the SU(3)× SU(2)× U(1) gauge sym-
metry;
• Type II (Cheng and Li, 1980; Konetschny and
Kummer, 1977; Lazarides et al., 1981; Mohapatra
and Senjanovic, 1981; Schechter and Valle, 1980),
mediated by the exchange of SU(2)-triplet scalars;
• Type III (Foot et al., 1989), mediated by the ex-
change of SU(2)-triplet fermions.
Below we briefly describe each of these realizations.
Adding two or three singlet fermions νR to the SM par-
ticle content is one of the simplest and rather natural pos-
sibilities to generate neutrino masses. Since the νR states
are electroweak singlets, their masses are not protected
by the electroweak symmetry and therefore can be very
large. In the basis of diagonal charged-lepton Yukawa
couplings, the relevant terms in the neutrino sector of
the Lagrangian are
−LI = Yν∗αi ℓαφ˜ νRi +
1
2
νRi (mR)ij ν
c
Rj +H.c., (2.33)
where φ˜ = iσ2φ
∗, Yν is the Dirac-neutrino Yukawa cou-
pling matrix, and mR is the right-handed neutrino mass
matrix. Notice that we have not included a Majorana
mass term for left-handed neutrinos since this would re-
quire an enlargement of the scalar sector. For 3 genera-
tions and nR heavy Majorana states, the type I seesaw
Lagrangian of Eq. (2.33) contains altogether 7nR−3 free
parameters. The counting can be done as follows. In the
mass basis of the singlet fermions, Ni = U
T
R νR, or, more
precisely, in the basis where the nR× nR symmetric ma-
trix mR is diagonal, with positive and real eigenvalues
Mi, i.e.,
U
T
RmRUR = dM = diag(M1,M2, · · · ,MnR), (2.34)
the Majorana mass term in Eq. (2.33) contains only nR
free parameters. In this basis, the Yukawa coupling ma-
trix Yν is an arbitrary 3× nR complex matrix with 6nR
parameters. Of those, 3 phases can be removed by phase
redefinitions of the charged-lepton fields lL, thus remain-
ing 3(2nR − 1) physical parameters, to wit 3nR moduli
and 3(nR − 1) phases.
After integrating out the heavy Majorana fields in the
Lagrangian of Eq. (2.33), the effective mass matrix of the
light neutrinos is given by the standard seesaw formula
mν = −v2Yνm−1R YνT , (2.35)
with the matrix mν being diagonalized by the PMNS
leptonic mixing matrix U,
U
T
mνU = dm = diag(m1,m2,m3), (2.36)
where mi are the light neutrino masses.
The general type I seesaw framework introduces many
more parameters than those required at low energies. In-
deed, the effective neutrino mass matrixmν can be writ-
ten in terms of only nine physical parameters: the three
light neutrino masses, and the three mixing angles and
three phases that parametrize the mixing matrix U.
We now consider the type II seesaw framework. In this
case, the SM scalar sector is extended by introducing a
scalar triplet ∆ with hypercharge +1 (in the normaliza-
tion of hypercharge −1/2 for the lepton doublets) and
mass M∆. In the SU(2) representation,
∆ =
(
∆0 −∆+/√2
−∆+/√2 ∆++
)
. (2.37)
The relevant Lagrangian terms are, in this case,
−LII =(Y∆αβ ℓTαC∆ ℓβ − µM∆φ˜T∆ φ˜+H.c.)
+M2∆Tr(∆
†∆), (2.38)
9where Y∆ is a 3×3 symmetric complex coupling matrix,
and µ is a dimensionless coupling, which can be taken
real without loss of generality. When compared to the
type I seesaw Lagrangian of Eq. (2.33), the Lagrangian
terms in Eq. (2.38) contain less free parameters. Indeed,
only eleven parameters are required to fully determine
the type II seesaw Lagrangian. Besides the two “unfla-
vored” parameters µ and M∆, there are nine “flavored”
parameters contained in the Yukawa matrix Y∆. In this
sense, the type II seesaw is more economical, since the fla-
vor structure of the neutrino mass matrixmν is uniquely
determined by the flavor structure of Y∆. The exchange
of the heavy triplet leads to the effective neutrino mass
matrix
mν =
µv2
M∆
Y
∆. (2.39)
Leptonic CP violation is thus encoded in the phases of
the matrix Y∆.
Neutrino masses can also be generated by the tree-level
exchange of two or three SU(2)-triplet fermions Σi with
zero hypercharge,
Σi =
(
Σ0i
√
2Σ+i√
2Σ−i −Σ0i
)
. (2.40)
The Lagrangian that leads to the effective matrix mν
is similar to the type I seesaw Lagrangian of Eq. (2.33),
but with different contractions of the SU(2) indices
−LIII = (YΣ)∗αi ℓ¯αφ˜Σi +
1
2
(mΣ)ijTr(ΣiΣ
c
j) + H.c..
(2.41)
The parameter counting is analogous to the type I case.
In particular, eighteen (eleven) parameters are required
to fully determine the high-energy neutrino sector in
a model with three (two) triplet fermions. The effec-
tive light neutrino mass matrix exhibits the same seesaw
structure of Eq. (2.35), with the obvious substitutions
Y
ν → YΣ and mR →mΣ.
It is worth noting that, besides the three seesaw real-
izations discussed above, there are other types of uncon-
ventional seesaw schemes (Nunokawa et al., 2008). For
instance, in the so-called double-seesaw models (Mohap-
atra, 1986a; Mohapatra and Valle, 1986), in addition to
the conventional singlet fermions νR, one or more singlet
fields Si with lepton number L = 1 are added to the SM
particle content. The relevant double-seesaw Lagrangian
terms are
−LIS =Yν∗αi ℓαφ˜ νRi + Si(mRS)ijνRj
+
1
2
Sci (mS)ij Sj +H.c., (2.42)
where mRS is an arbitrary complex matrix and mS is
a complex symmetric matrix. In this case, the effective
mass matrix of the light neutrinos is given by
mν = −v2Yν (mTRS)−1mSm−1RSYνT . (2.43)
The inverse seesaw is a variant of the double seesaw with
a Majorana mass matrix mS ≪ vYν ≪ mRS . Since in
the limit mS → 0 lepton number is conserved, this is a
natural scenario in the ’t Hooft sense (’t Hooft, 1980).
Finally, there is a variety of models of neutrino masses
with the operator O being induced from physics at TeV
or even lower energy scales (Chen and Huang, 2011).
In such scenarios, loop and Yukawa coupling suppres-
sion factors typically guarantee the smallness of neutrino
masses. Furthermore, ∆L = 2 effective operators with
dimension higher than five can give a dominant contri-
bution to neutrino Majorana masses, if the leading effec-
tive operator O is forbidden due to a new symmetry or
selection rule (Babu and Leung, 2001).
F. On the origin of CP violation
CP violation plays a central role in particle physics and
has profound implications for cosmology. Yet the ori-
gin of CP violation is an entirely open question (Branco
et al., 1999a). It is well known that, if one allows for
complex Yukawa couplings, CP violation arises in the
SM with three or more fermion generations.
An alternative possibility is having CP as a good
symmetry of the Lagrangian, only broken spontaneously
by the vacuum. This is an attractive scenario which
may be the only choice at a fundamental level, if
one keeps in mind that pure gauge theories necessar-
ily conserve CP (Grimus and Rebelo, 1997). The first
model with spontaneous CP violation was suggested by
T.D. Lee (Lee, 1973) at a time when only two incom-
plete generations were known. Obviously, in the original
Lee model with two generations, CP violation arises ex-
clusively through the Higgs exchange. The Lee model
has two Higgs doublets and no extra symmetry is intro-
duced. As a result, fermions of a given charge receive
contributions to their mass from the two Higgs fields.
It can be readily verified that a nontrivial CKM mix-
ing matrix is then generated by the relative phase be-
tween the two neutral Higgs VEV. However, since natu-
ral flavor conservation (NFC) is not implemented in the
Higgs sector, there are dangerous Higgs-mediated flavor-
changing neutral currents (FCNC) at tree level. One can
implement NFC in the Higgs sector (Glashow and Wein-
berg, 1977; Paschos, 1977), but then three Higgs doublets
are required in order to achieve spontaneous CP viola-
tion (Branco, 1980). The CKM matrix is, however, real
in this model, which is in disagreement with the exper-
imental evidence for a complex mixing matrix, even if
one allows for the presence of new physics (Botella et al.,
2005).
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One can envisage a simple model of spontaneous CP
violation, which avoids the above difficulties while pro-
viding a possible common source for the various manifes-
tations of CP violation (Branco et al., 2003a) in the quark
and lepton sectors, as well as a solution to the strong CP
problem. We outline below the main features of such a
model (Branco et al., 2003a) in which all CP-breaking
effects share the same origin, namely, the VEV of a com-
plex singlet scalar field. This minimal model consists
of an extension of the SM with the following additional
fields: three right-handed neutrinos νR, a neutral scalar
singlet S, and a singlet vectorial quark D with charge
−1/3. Furthermore, one imposes on the Lagrangian a
Z4 symmetry, under which the fields transform in the
following manner:
ℓ→ i ℓ, lR → i lR, νR → i νR, D → −D, S → −S.
(2.44)
Under the above Z4 symmetry, all other fields remain
invariant. Furthermore, we impose CP invariance at the
Lagrangian level. In the quark sector, the most general
SU(3)× SU(2)× U(1)× Z4 invariant Yukawa couplings
can be written as
Lquark =QiYuijφuRj +QiYdij φ˜ dRj + M˜ DLDR
+DL(fqiS + f
′
qiS
∗) dRi +H.c., (2.45)
while for the lepton sector they are
Llepton = ℓiYℓijφ lRj + ℓiYνij φ˜ νRj
+
1
2
νTRiC [ (fν)ijS + (f
′
ν)ijS
∗ ] νRj +H.c.. (2.46)
Here Q, uR, and dR are the SM quark fields; Y
u,d, Yℓ,
fq,ν and f
′
q,ν are Yukawa coupling matrices. All couplings
are assumed to be real so that the full Lagrangian is CP
invariant. However, CP is spontaneously broken by the
vacuum. Indeed, the Higgs potential contains terms of
the form
V ∝ (µ2 + λ1S∗S + λ2 φ†φ)(S2 + S∗2) + λ3(S4 + S∗4),
(2.47)
and, for an appropriate region of the parameter space,
the scalar fields acquire VEV of the form 〈φ〉 = v and
〈S〉 = V eiα.
It is possible to show that the phase α generates all CP
violations, namely, nontrivial complex CKM and PMNS
matrices, as well as the leptonic CP violation at high en-
ergies needed for leptogenesis. In order to verify that a
nontrivial phase is generated in the CKM matrix VCKM,
one has to recall that the mixing matrix connecting stan-
dard quarks is determined by the relation
V
−1
CKMhdVCKM = d
2
d, (2.48)
where
hd =mdm
†
d −
mdM
†
DMDm
†
d
M
2 , (2.49)
d
2
d = diag (m
2
d,m
2
s,m
2
b), md = vY
d, M
2
= MDM
†
D +
M˜2, andMD = V (f
+
q cosα+i f
−
q sinα) with f
±
q ≡ fq±f ′q.
Note that without loss of generality, we have chosen a
weak basis with a diagonal and real up-quark mass ma-
trix. The crucial point is then the following: the first
term contributing to hd in Eq. (2.49) is real since the
matrix md is real due to the CP invariance of the La-
grangian; the second term in hd is however complex, and
of the same order of magnitude as the first one. As a
result, hd is a generic complex 3 × 3 Hermitian matrix,
leading to a complex VCKM matrix. For any specific
model, one can explicitly check that CP violation a` la
Kobayashi-Maskawa is generated by computing the CP-
odd WB invariant given in Eq. (2.24). Having J CPquark 6= 0
is a necessary and sufficient condition to have CP viola-
tion through the Kobayashi-Maskawa mechanism.
In the lepton sector, the neutrino mass matrix mν
is generated after the spontaneous symmetry breaking
through the standard type I seesaw mechanism given
in Eq. (2.35), with mR = V (f
+
ν cosα + i f
−
ν sinα) and
f
±
ν ≡ fν ± f ′ν . Although the Dirac-neutrino Yukawa cou-
pling matrix Yν is real, the matrix mR is a generic com-
plex symmetric matrix. As a result, the effective neutrino
mass matrix mν is a generic complex symmetric matrix,
and the PMNS leptonic mixing matrix has, in general,
three CP-violating phases. One can also check that the
model has the CP violation necessary for leptogenesis to
work.
An important constraint on models with spontaneous
CP violation is related with the so-called domain-wall
problem (Vilenkin, 1985). As pointed out in the seminal
papers (Kibble, 1976; Zeldovich et al., 1974), the spon-
taneous breaking of a discrete global symmetry in the
early Universe leads to the formation of domain walls
with an energy density proportional to the inverse of the
cosmological scale factor. Therefore, those objects could
dominate over matter and radiation, overclosing the Uni-
verse. Although this represents a serious problem, sev-
eral solutions have been put forward in order to solve
it. One possible way to avoid the crippling effects of
domain walls is to invoke an inflationary period that di-
lutes them away (Langacker, 1989). Note that this does
not prevent the complex phase of 〈S〉 from generating
a complex CKM matrix [see Eq. (2.49)]. An alternative
way out relies on considering the existence of a (small)
bare θQCD term (Krauss and Rey, 1992). In this case,
it can be shown that the vacuum degeneracy connecting
the two sides of the CP domain wall is lifted, resulting in
a wall annihilation driven by the decay of a false vacuum.
More interestingly, assuming that gravity breaks global
discrete symmetries explicitly, then there is probably no
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domain-wall problem at all (Dvali and Senjanovic, 1995;
Rai and Senjanovic, 1994). These few examples show
that although this problem arises whenever CP is spon-
taneously broken, it is possible to overcome it indepen-
dently of the dynamics behind the symmetry breaking.
In particular, simple scenarios as the one outlined above
could in principle generate complex CKM and PMNS
matrices at low energies regardless of the solution chosen
to the domain-wall problem.
G. The hypothesis of minimal lepton flavor violation
One of the proposals for the description of flavor-
changing processes in the quark sector is the so-called
hypothesis of minimal flavor violation (MFV) (Buras
et al., 2001; Chivukula and Georgi, 1987; D’Ambrosio
et al., 2002). It consists of assuming that even if there
is new physics beyond the SM, Yukawa couplings are the
only source flavor-changing processes. More precisely,
the MFV hypothesis assumes that Yukawa couplings are
the only source of the breaking of the large U(3)5 global
flavor symmetry present in the gauge sector of the SM
with three generations.
If one assumes the presence of two Higgs doublets, the
MFV principle can be implemented under the assump-
tion of NFC in the Higgs sector (Glashow and Weinberg,
1977; Paschos, 1977) or through the introduction of a
discrete symmetry which leads to naturally suppressed
FCNC in the Higgs sector (Botella et al., 2010; Branco
et al., 1996). One of the interesting features of MFV in
the quark sector is the prediction of the ratio of branch-
ing ratios of low-energy processes, which do not depend
on the specific MFV model.
The MFV hypothesis has also been extended to the
lepton sector (Cirigliano et al., 2005) but, in contrast
to the quark sector, this extension is not unique and
requires additional input from physics at high energies.
The reason is that the total lepton number may not be
a symmetry of the theory since neutrinos can be Majo-
rana particles. In order to extend MFV to the lepton
sector, one has to make a choice between two possibilities
(i) Minimal field content: No new fields are intro-
duced beyond the SM content and it is just assumed
that some new physics at a high-energy scale generates
an effective Majorana mass for the left-handed neutrinos.
(ii) Extended field content: Two or more right-handed
neutrinos are introduced with gauge-invariant lepton
number violating mass terms, which generate an effective
seesaw neutrino mass matrix for light neutrinos.
CP violation was not considered at either low or high
energies in Ref. (Cirigliano et al., 2005). The inclu-
sion of CP violation in a minimal lepton flavor viola-
tion (MLFV) scenario is crucial, for instance, in order
to have a consistent framework to generate the baryon
asymmetry through leptogenesis (Branco et al., 2007a).
Subsequent suggestions (Alonso et al., 2011; Cirigliano
et al., 2008, 2007; Davidson and Palorini, 2006; Gavela
et al., 2009) for MLFV did include CP violation in the
lepton sector.
For definiteness, we analyze the MLFV hypothesis
in the context of a minimal extension of the SM with
three right-handed neutrinos νR. In this case, the rele-
vant leptonic Yukawa coupling and right-handed Majo-
rana mass terms are those given by Eq. (2.33) plus the
usual charged-lepton Yukawa term ℓ¯i φY
ℓ
ij lRj . In the
limit when these terms vanish, the Lagrangian of this
extension of the SM has a large global flavor symmetry
SU(3)ℓ×SU(3)lR ×SU(3)νR ×U(1)ℓ×U(1)lR ×U(1)νR .
An interesting proposal for MLFV assumes that the
physics leading to lepton-number violation through the
generation of the mass matrix mR is lepton blind, thus
leading to an exact degenerate spectrum for the right-
handed neutrinos at a high-energy scale. In this MLFV
framework, the Majorana mass terms break SU(3)νR into
O(3)νR . Note that, even in the limit of exact degeneracy,
mR is not a WB invariant. Indeed, for a WB trans-
formation under which νR → VR νR, it transforms as
mR →m′R = VRmRVTR. This transformation does not
leavemR invariant, even in the limit of exact degeneracy,
since in general VRV
T
R 6= 1 .
It is worth emphasizing that MLFV in a framework
with right-handed neutrinos is not as predictive as MFV
in the quark sector (Branco et al., 2007a). A rich
spectrum of possibilities is allowed for lepton flavor-
violating (LFV) processes and their correlation with low-
energy neutrino physics and LHC physics [see, for exam-
ple, (Deppisch and Pilaftsis, 2011)].
III. OBSERVABLE EFFECTS FROM LEPTONIC CP
VIOLATION
Establishing the existence of LCPV is one of the main
goals of the future neutrino physics program. The most
promising way to search for CPV effects in the lepton sec-
tor is through the study of neutrino oscillations, which
are sensitive to the Dirac CP phase δ entering the neu-
trino mixing matrix U of Eq. (2.11). The experimental
sensitivity to LCPV depends strongly on the value of the
reactor neutrino mixing angle θ13, and also on the type
of neutrino mass spectrum. In particular, if θ13 is not too
small, then future experiments will be able to establish
soon the existence (or not) of LCPV.
There are however other phenomena which, although
being CP conserving, are also sensitive to the presence of
CP phases in the lepton mixing matrix. For instance, pre-
dictions regarding neutrinoless beta decay rates change
depending on the values of the Majorana phases α1,2.
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Other phenomena, which are triggered by the presence
of new physics directly connected with neutrino masses
and mixing may also be impacted from the fact that CP
is violated in the lepton sector. A typical example is
rare lepton flavor-violating decays like lj → liγ (j 6= i),
lj → lilklk (i, k 6= j) and µ−e conversion in nuclei (Raidal
et al., 2008). Ultimately, if the physics responsible for
neutrino mass generation is close to the electroweak scale,
then LCPV may also affect phenomena which could be
observed at high-energy colliders like the LHC or a linear
collider.
In this section, we present a general discussion about
the possible direct and indirect effects of LCPV, with
special emphasis on neutrino oscillations.
A. Neutrino oscillation parameters: Present status
The observation of a solar-neutrino deficit with re-
spect to standard solar model predictions at the Home-
stake experiment (Cleveland et al., 1998) provided the
first hint in favor of neutrino oscillations. This ob-
servation has been confirmed by several other solar-
FIG. 3 Favored and excluded regions of neutrino mass-
squared differences and mixing angles taken into account the
data of several neutrino experiments. From (Nakamura et al.,
2010).
neutrino experiments like SAGE (Abdurashitov et al.,
2002), Gallex (Hampel et al., 1999), GNO (Altmann
et al., 2005), Kamiokande (Fukuda et al., 2002), Super-
Kamiokande (Smy et al., 2004), and the Sudbury Neu-
trino Observatory (SNO) (Ahmad et al., 2001). The data
collected from these experiments led to the large mixing
angle solution to the solar neutrino problem, which was
confirmed in 2002 by the KamLAND reactor neutrino
experiment (Eguchi et al., 2003).
A similar anomaly has also been observed in the atmo-
spheric neutrino sector by the IMB (Becker-Szendy et al.,
1992), Kamiokande (Hirata et al., 1992), MACRO (Am-
brosio et al., 2003), Soudan-2 (Sanchez et al., 2003)
and Super-Kamiokande (Fukuda et al., 1998) experi-
ments, which detected a νµ to νe-induced event ratio
smaller than the expected. Atmospheric neutrino pa-
rameters are also constrained by the K2K (KEK to
Kamioka) (Aliu et al., 2005) and MINOS (Fermilab to
Soudan mine) (Michael et al., 2006) accelerator long-
baseline experiments. Both experiments observed that
a fraction of the νµ neutrinos in the original beam disap-
pear consistently with the hypothesis of neutrino oscilla-
tions.
Other experiments have provided useful data in con-
straining the neutrino parameter space. An illustrative
way to present these data is given in Fig. 3, where the
favored and excluded regions of neutrino mass-squared
differences and mixing angles are shown, taking into
account the results of several experiments. In Ta-
ble I, we summarize the results of three global analy-
ses performed by Gonzalez-Garcia, Maltoni, and Salvado
(GMS) (Gonzalez-Garcia et al., 2010), Schwetz, To´rtola,
and Valle (STV) (Schwetz et al., 2011), and the Bari
group (Fogli et al., 2011).
In contrast with the quark sector, there are two
large mixing angles in the lepton sector: θ12 and θ23,
sometimes referred as the solar and atmospheric neu-
trino mixing angles (see Table I). The current data
indicate that, at their best-fit values, θ12 ≃ 34°and
θ23 ≃ 45°(maximal atmospheric mixing), while the
value of the remaining mixing angle, θ13, is mainly
constrained by reactor and accelerator neutrino exper-
iments to be small. Recent data from the T2K (Abe
et al., 2011) and MINOS (Adamson et al., 2011) ex-
periments also indicate a relatively large value for
θ13. At 90% C.L., the T2K data are consistent with
0.03 (0.04) < sin2 2θ13 < 0.28 (0.34) for normal (in-
verted) hierarchy in the absence of Dirac CP violation.
The MINOS Collaboration reports the best-fit values
2 sin2(θ23) sin
2(2θ13)= 0.041
+0.047
−0.031
(
0.079+0.071−0.053
)
. These
results have been taken into account in the global anal-
yses performed by STV and the Bari group. As it is ap-
parent from Table I, there is now an evidence for θ13 > 0
at more than 3σ.
Neutrino oscillation experiments are not sensitive to
the absolute neutrino mass scale since the oscillation fre-
13
TABLE I Best-fit values with 1σ and 3σ errors for the three-flavor neutrino oscillation parameters, obtained by Gonzalez-
Garcia, Maltoni and Salvado (GMS) (Gonzalez-Garcia et al., 2010), Schwetz, To´rtola and Valle (STV) (Schwetz et al., 2011)
and the Bari group (Fogli et al., 2011).
GMS (Gonzalez-Garcia et al., 2010) STV (Schwetz et al., 2011) Bari (Fogli et al., 2011)
∆m221 [10
−5] eV2 7.59 ± 0.20 (+0.61−0.69) 7.59
+0.20
−0.18(
+0.60
−0.50) 7.58
+0.22
−0.26(
+0.60
−0.59)
∆m231 [10
−3] eV2 (NO) 2.46± 0.12 (±0.37) 2.50+0.09−0.16(
+0.26
−0.36) 2.35
+0.12
−0.09(
+0.32
−0.29)
(IO) −2.36± 0.11(±0.37) −
[
2.40+0.08−0.09(±0.27)
]
−[2.35+0.12−0.09(
+0.32
−0.29)]
sin2 θ12 0.319 ± 0.016 (
+0.053
−0.046) 0.312
+0.017
−0.015(
+0.048
−0.042) 0.312
+0.017
−0.016(
+0.052
−0.047)
sin2 θ23 (NO) 0.46
+0.08
−0.05(
+0.18
−0.12) 0.52
+0.06
−0.07 (
+0.12
−0.13) 0.42
+0.08
−0.03(
+0.22
−0.08)
(IO) 0.46+0.08−0.05(
+0.18
−0.12) 0.52 ± 0.06 (
+0.12
−0.13) 0.42
+0.08
−0.03(
+0.22
−0.08)
sin2 θ13 (NO) 0.0095
+0.013
−0.007(≤ 0.047) 0.013
+0.007
−0.005(
+0.022
−0.012) 0.025 ± 0.007(
+0.025
−0.02 )
(IO) 0.0095+0.013−0.007(≤ 0.047) 0.016
+0.008
−0.006(
+0.023
−0.015) 0.025 ± 0.007(
+0.025
−0.02 )
quency is controlled by the neutrino mass-squared dif-
ferences ∆m2ji and the neutrino energy. The current
data are consistent with a three-neutrino scenario with
∆m221 ∼ 7.6 × 10−5 eV2 and |∆m231| ∼ 2.5 × 10−3 eV2,
which implies a hierarchy among these two quantities
such that
r ≡ ∆m
2
21
∆m231
≃ ±0.03. (3.1)
The sign of ∆m231 is not yet determined and therefore two
types of neutrino mass spectrum are possible, namely,
Normally− ordered (NO) : m1 < m2 < m3 ,
Invertedly− ordered (IO) : m3 < m1 < m2 . (3.2)
For each case, the neutrino masses can be expressed in
terms of the lightest mass (m1 and m3 for the NO and
IO cases, respectively), and the mass-squared differences
∆m2ji:
NO : m2 =
√
m21 +∆m
2
21 ,
m3 =
√
m21 + |∆m231| ,
IO : m1 =
√
m23 + |∆m231| ,
m2 =
√
m23 +∆m
2
21 + |∆m231| . (3.3)
Depending on the value of the lightest neutrino mass,
one can further classify the neutrino mass spectrum as
being hierarchical (HI): m1 ≪ m2 < m3, inverted-
hierarchical (IH): m3 ≪ m1 < m2, or quasidegenerate
(QD): m1 ≃ m2 ≃ m3 ≃ m0 ≫ |∆m231|,m0 & 0.1 eV. In
the HI and IH limits, the neutrino masses are
mHI2 ≃
√
∆m221 ≃ 0.009 eV ,
mHI3 ≃ mIH1,2 ≃
√
|∆m231| ≃ 0.05 eV . (3.4)
A direct kinematical bound is available for the effective
electron-neutrino mass in β-decay,mβ =
√∑
i |Uei|2m2i .
From the Mainz (Bonn et al., 2002) and Troitzk (Loba-
shev et al., 2001) experiments, mβ < 2.3 eV at 95% C.L.,
which implies mi < 2.3 eV. In the future, the KATRIN
experiment (Osipowicz et al., 2001) is expected to reach
a sensitivity of mβ ≃ 0.2 eV. The current 7-year WMAP
data constrain the sum of neutrino masses to be less than
1.3 eV at 95% C.L. (Komatsu et al., 2011) (within the
standard cosmological model). Less conservative bounds
can be obtained combining the data of several cosmo-
logical and astrophysical experiments (Abazajian et al.,
2011). The future Planck satellite data alone will allow
one to set an upper bound on
∑
imi of 0.6 eV at 95%
C.L. (Hannestad, 2010). Concerning CPV in the lepton
sector, the presently available neutrino data do not pro-
vide any information on the CP phases δ (Dirac) and α1,2
(Majorana). In the following we discuss how LCPV can
be probed in future experiments.
B. LCPV in neutrino oscillations
The existence of more than two neutrino flavors opens
the possibility for the existence of CP-violating effects in
the lepton sector, characterized by the CP phases of the
neutrino mixing matrix U. Since neutrino oscillations
depend directly on the way neutrinos mix among them-
selves and, consequently, on the existence of CP phases,
it is not surprising that they represent the golden path
for the search of LCPV . Yet, establishing CPV in the
neutrino sector turns out to be a rather hard task. In
the last years, several ideas have been brought together
with the aim of overcoming these difficulties and finding
the best strategy to detect CPV effects in neutrino os-
cillations. In particular, new experimental setups have
been proposed in order to improve our knowledge of the
neutrino parameters.
In this section, we review some basic aspects related
to the formalism of LCPV and neutrino oscillations and
discuss possible ways to search for CPV, pointing out
the main difficulties inherent to this investigation. More-
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over, we intend to draw a general picture of the prospects
for the discovery of LCPV in future neutrino oscilla-
tion experiments. For more complete discussions about
theoretical aspects of neutrino oscillations, we address
the reader to other dedicated reviews (Akhmedov and
Smirnov, 2011; Akhmedov, 1999; Bilenky et al., 1999;
Bilenky and Petcov, 1987; Gonzalez-Garcia and Maltoni,
2008; Mohapatra and Smirnov, 2006; Strumia and Vis-
sani, 2006) and textbooks (Fukugita and Yanagida, 2003;
Giunti and Kim, 2007).
1. CPV in vacuum oscillations
If neutrinos are massive and mix, then a neutrino state
produced via weak interactions (like nuclear beta and
pion decays) is not a mass eigenstate. In this case, the
weak eigenstates να are a unitary linear combination of
the mass eigenstates νk, in such a way that
|να〉 =
n∑
k=1
U
∗
αk|νk〉 , (3.5)
where U is the lepton mixing matrix defined in
Eq. (2.14). As first pointed out by Pontecorvo, the fact
that mass and flavor eigenstates are different leads to
the possibility of neutrino oscillations (Pontecorvo, 1968).
The time evolution of a neutrino produced with a specific
flavor is governed by
|να(t)〉 =
n∑
k=1
U
∗
αke
−iEkt|νk〉 , (3.6)
where Ek is the energy of the neutrino mass eigenstate
νk. For relativistic neutrinos, Ek =
√
p2k +m
2
k ≃ pk +
m2k/(2Ek). The να → νβ transition amplitude is then
given by
Aαβ(t) =
n∑
k=1
Uβke
−iEktU∗αk , (3.7)
and the corresponding transition probability by Pαβ =
|Aαβ |2. For t = 0 and α 6= β, the above equation is
equivalent to the definition of the Dirac unitarity trian-
gles Tαβ given in Eqs. (2.17). The time evolution of Aαβ
can then be interpreted as a time-dependent rotation of
the sides of these triangles.
Considering that for ultrarelativistic neutrinos t ≃ L
(where L is the distance traveled by neutrinos) and as-
suming equal momenta for all of the neutrino mass eigen-
states (pk ≡ p ≃ E for any k), the να → νβ oscillation
probabilities can be further expressed as
Pαβ(L,E) = δαβ − 4
∑
k>j
Rkjαβ sin2
∆kj
2
+ 2
∑
k>j
J kjαβ sin∆kj , (3.8)
where
∆kj =
∆m2kjL
2E
. (3.9)
The quantities Rkjαβ and J kjαβ are invariant combinations
of the elements of U given by
Rkjαβ = Re
[
U
∗
αkUβkUαjU
∗
βj
]
,
J kjαβ = Im
[
U
∗
αkUβkUαjU
∗
βj
]
. (3.10)
The above formulas show that the transition proba-
bilities να → νβ depend on the elements of the mixing
matrix U, n − 1 independent mass-squared differences,
and the ratio L/E, which depends on the specific ex-
perimental setup. Within the simplest framework of two
neutrinos, the oscillation probability is given by
Pαβ = sin
2(2θ) sin2
(
∆m2L
4E
)
, α 6= β , (3.11)
being the survival probability Pαα = 1−Pαβ . Therefore,
to be sensitive to neutrino oscillations, experiments must
be designed in such a way that L ∼ Losc, with
Losc =
4πE
∆m2
= 2.47
E [GeV]
∆m2 [eV2]
km . (3.12)
The fact that CP violation in the lepton sector can be
tested in neutrino oscillation experiments was first noted
by Cabibbo (Cabibbo, 1978) and Barger et. al. (Barger
et al., 1980b). Such tests require the comparison of tran-
sitions να → νβ with the corresponding CP-conjugate
channel ν¯α → ν¯β, or with νβ → να if CPT invariance
holds. For antineutrinos, the equivalent of Eqs. (3.5) and
(3.6) reads
|ν¯α〉 =
n∑
k=1
Uαk|ν¯k〉 , |ν¯α(t)〉 =
n∑
k=1
Uαke
−iEkt|ν¯k〉 ,
(3.13)
which lead to the following ν¯α → ν¯β transition ampli-
tudes and probabilities in vacuum:
A¯αβ(t) =
n∑
k=1
U
∗
βke
−iEktUαk , P¯αβ = |A¯αβ |2 , (3.14)
respectively. It is straightforward to see that, due to CPT
conservation, P¯αβ = Pβα (Cabibbo, 1978). The transfor-
mation properties of the neutrino flavor transitions under
CP, T and CPT are shown in Fig. 4.
Under CP, neutrinos transform into their antiparticles
(να ↔ ν¯α). Depending on whether we consider the case
of Dirac or Majorana neutrinos, CP invariance in the
lepton sector implies (Bilenky et al., 1984)
Uαk = U
∗
αk (Dirac) , (3.15)
Uαk = −iρk ηCPk U∗αk (Majorana) , (3.16)
15
where ηCPk = ±i is the CP parity of the neutrino mass
eigenstate with mass mk, and ρk is an arbitrary phase
factor present in the Majorana condition C νk
T = ρkνk.
Therefore, CP invariance automatically leads to P¯αβ =
Pαβ . Obviously, due to CPT conservation, CP invariance
is equivalent to T invariance.
The most obvious way to measure CP violation in the
neutrino sector is by looking at the differences ∆PCPαβ =
Pαβ − P¯αβ . Taking into account that P¯αβ is obtained
replacing U by U∗ in Eq. (3.8), one has (Barger et al.,
1980b; Pakvasa, 1980)
∆PCPαβ = 4
∑
k>j
J kjαβ sin∆kj , (3.17)
which coincides with the T-violating probability differ-
ences ∆PTαβ = Pαβ − Pβα. The above equation can be
rewritten as
∆PCPαβ = −16J 21αβ sin
∆21
2
sin
∆13
2
sin
∆32
2
, (3.18)
with ∆PCPeµ = ∆P
CP
µτ = ∆P
CP
τe = ∆P
CP, and
∆PCP = 4J 21eµ (sin∆21 + sin∆32 + sin∆13) . (3.19)
The invariant quantity J 21eµ has been defined in
Eq. (2.27). From these results, it is clear that CP vi-
olation is absent in neutrino oscillations, if two (or more)
neutrinos are degenerate in mass, or if one of the mixing
angles is zero. Therefore, CPV in vacuum oscillations oc-
curs as a pure three-flavor effect, and thus is suppressed
by small mixing angles. Moreover, since ν¯α → ν¯α is
the CPT transformed of να → να, CPV cannot be ob-
served in disappearance channels. Experimentally, the
measurement of LCPV in neutrino oscillations requires
sensitivity to the oscillatory behavior of the neutrino and
antineutrino transition probabilities. In other words, L
and E have to be such that at least one of the phases
∆kj is of order 1. Indeed, if ∆kj ≪ 1 for all k and
j, then the transition probabilities are too small to be
observed. On the other hand, in the limit ∆kj ≫ 1,
the averaged ∆Pαβ goes to zero. It is also important
CP 
T T 
CP 
nఈ ՜ nఉ nఈ ՜ nఉ 
nఉ ՜ nఈ nఉ ՜ nఈ 
FIG. 4 Transformations of the different flavor-transition
channels under CP, T, and CPT.
to note that, if the order-one phase corresponds to the
largest ∆m2kj , then ∆P
CP
αβ ≃ 0 (Barger et al., 1980c;
Bilenky and Niedermayer, 1981). This can be readily un-
derstood considering the case ∆m232 ≃ ∆m231 ≫ ∆m221.
If ∆31 ≃ ∆32 ≃ 1 (short baseline) then ∆21 ≪ 1 and
∆PCPαβ ≃ 4(J 31αβ + J 32αβ) sin∆31 = 0, due to the fact that
J 31αβ = −J 32αβ [see Eq. (3.10)]. Therefore, a measure-
ment of the CP-odd asymmetry in neutrino oscillations
can be performed only in long-baseline experiments (Ara-
fune and Sato, 1997; Bilenky et al., 1998; Minakata and
Nunokawa, 1997; Tanimoto, 1997), as long as |J 21eµ | is not
too small.
2. Matter-induced CP violation
The discussion presented in the previous section raises
the question on whether a measurement of a nonzero
∆PCP automatically implies that CP is violated in the
lepton sector. Although this would be true in vacuum os-
cillations, matter effects in neutrino propagation (Barger
et al., 1980a; Mikheev and Smirnov, 1985; Wolfenstein,
1978) can fake CP violation (Krastev and Petcov, 1988;
Kuo and Pantaleone, 1987). Indeed, the presence of mat-
ter violates C, CP, and CPT due to the unequal number
of particle and antiparticles (electrons and positrons) in
the medium. In matter, the relevant effective Hamilto-
nian for neutrinos can be written as
H
′ =
1
2E
[
UM
2
U
† +A
]
, (3.20)
where M2 = diag(0,∆m221,∆m
2
31) and A =
diag(A(L), 0, 0) with
A(L) ≡ 2
√
2EGFNe(L)
≃ 2.3× 10−4 eV2 ρ(L)
3 g cm−3
E
GeV
. (3.21)
Here, Ne(L) and ρ(L) are the electron number and mat-
ter densities of the medium, respectively, as a function
of the distance L. In the above estimate, the elec-
tron fraction number in matter has been considered to
be 1/2. Note that for an average density of 3 g cm−3
(which corresponds approximately to the Earth’s litho-
sphere density), AL/(2E) ≃ 0.6× 10−3(L/km), meaning
that matter effects are expected to be large for baselines
L & 1000 km.
For antineutrinos, the corresponding Hamiltonian H¯′
is obtained replacing U by U∗ and A by −A on the
right-hand side of Eq. (3.20). Taking into account the
neutrino evolution equation, one can show that the os-
cillation probabilities in matter do not depend on the
Majorana phases α1,2 (Langacker et al., 1987), just as in
the vacuum oscillation regime.
The effective masses and mixing matrix for neutrinos
and antineutrinos are obtained by diagonalizing H′ and
H¯
′, respectively. The neutrino (antineutrino) transition
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probability in matter is then obtained replacing U by U′
(U¯′) and ∆m2kj by ∆m
′2
kj (∆m¯
′2
kj) in Eq. (3.8), where the
primes refer to quantities in matter. As a result, one
obtains for a constant matter-density profile
P ′αβ(L,E) = δαβ − 4
∑
k>j
R′kjαβ sin2
∆′kj
2
+ 2
∑
k>j
J ′kjαβ sin∆′kj , (3.22)
P¯ ′αβ(L,E) = δαβ − 4
∑
k>j
R¯′kjαβ sin2
∆¯′kj
2
+ 2
∑
k>j
J¯ ′kjαβ sin ∆¯′kj , (3.23)
where R′kjαβ and J ′kjαβ are now the invariants analogous to
those defined in the vacuum regime [cf. Eqs. (3.10)],
R′kjαβ = Re
[
U
′∗
αkU
′
βkU
′
αjU
′∗
βj
]
,
J ′kjαβ = Im
[
U
′∗
αkU
′
βkU
′
αjU
′∗
βj
]
, (3.24)
and ∆′kj = ∆m
′2
kjL/(2E). The corresponding quantities
∆¯′kj , R¯′kjαβ and J¯ ′kjαβ are obtained replacing ∆m′2kj and
U by ∆m¯′2kj and U¯, respectively, in the previous expres-
sions. It can be shown that the quantities J ′kjαβ and J¯ ′kjαβ
are as good as J kjαβ for the proof of CP violation (Bilenky
et al., 1998; Harrison and Scott, 2000). However, the
measurement of a CP-odd asymmetry in matter does not
necessarily imply the existence of intrinsic CPV. From
Eqs. (3.22) and (3.23), it is straightforward to show that
∆P ′CPαβ = P
′
αβ − P¯ ′αβ 6= 0 even if J ′kjαβ = J¯ ′kjαβ = 0, since
the transition probabilities for neutrinos and antineutri-
nos are different in the CP-conserving limit (Langacker
et al., 1987). CP-odd effects can also be observed in
two-flavor neutrino oscillations due to the fact that the
presence of matter may enhance, for instance, νe ↔ νµ
oscillations and suppress the ν¯e ↔ ν¯µ, giving rise to a
nonzero ∆P ′CPeµ . As for the survival probabilities, in gen-
eral one has P ′αα 6= P¯ ′αα, contrarily to what happens in
a vacuum. In conclusion, these fake CPV effects compli-
cate the study of fundamental CPV in neutrino oscilla-
tions since CP-odd asymmetries can be observed even if
δ = 0, π.
Because of the CPT-violating character of the medium,
CP and T-violation effects in matter are not directly
connected3. Therefore, T-odd effects in matter can be
analyzed independently of the CP-odd ones. The first
simple observation is that there is no T violation in the
3 Some interesting relations between CP and T-odd asymmetries
can still be obtained for the matter-oscillation case (Akhmedov
et al., 2001; Koike and Sato, 2000; Minakata and Nunokawa,
1997).
two-flavor case. Taking the two flavors to be e and µ,
unitarity implies P ′ee + P
′
eµ = P
′
ee + P
′
µe = 1, which in
turn leads to the equality P ′eµ = P
′
µe. Thus, T-odd effects
are present only for a number of neutrino flavors larger
than 2. Moreover, in the presence of a symmetric matter-
density profile, one can show that there are no matter-
induced T-violating effects (Kuo and Pantaleone, 1987),
since interchanging the final and initial neutrino flavors
is equivalent to reversing the matter-density profile. In
long-baseline neutrino oscillation experiments, matter ef-
fects due to the passage of neutrinos through the Earth
are important. Since the Earth’s matter density is not
perfectly symmetric, the matter-induced T violation af-
fects the T-odd asymmetries and therefore contaminates
the determination of the fundamental T and CP asym-
metries. Nevertheless, the asymmetries present in the
Earth’s density profile do not affect much the determina-
tion of the fundamental CP-violating phase δ (Akhmedov
et al., 2001).
It has been known for quite a long time that the
most prominent oscillation channel for the study of three-
flavor and matter effects in long-baseline experiments
like neutrino factories is the so-called golden channel
νe → νµ (Barger et al., 1980c; Cervera et al., 2000;
De Rujula et al., 1999; Dick et al., 1999; Donini et al.,
2000; Freund et al., 2000; Minakata and Nunokawa, 1997;
Tanimoto, 1997). The exact formulas for the oscillation
probabilities in matter are quite cumbersome due to the
large number of parameters involved (Ohlsson and Snell-
man, 2000; Zaglauer and Schwarzer, 1988). It is there-
fore convenient to consider expansions of Pαβ and P¯αβ in
parameters which are known to be small. In the case of
three-flavor neutrino oscillations, there are two rather ob-
vious expansion parameters, namely, the mixing angle θ13
and the ratio r defined in Eq. (3.1). Approximate expres-
sions for the oscillation probabilities in matter of constant
density have been obtained for ∆m221 ≪ A,∆m231 (Asano
and Minakata, 2011; Cervera et al., 2000; Freund, 2001).
Treating θ13 and r as small parameters, one has for the
golden channel νe → νµ (Cervera et al., 2000)
Peµ ≃ T1 sin2 2θ13 + r (T2 + T3) sin 2θ13 + r2T4 , (3.25)
at second order in sin 2θ13 and r. The terms Ti in the
above equation are (Huber et al., 2006a)
T1 ≡ s223 f2∆(1− Aˆ) ,
T2 ≡ sin δ sin∆ sin(2θ12) sin(2θ23)f∆(Aˆ)f∆(1− Aˆ) ,
T3 ≡ cos δ cos∆ sin(2θ12) sin(2θ23)f∆(Aˆ)f∆(1 − Aˆ) ,
T4 ≡ cos2(2θ23) sin2(2θ12)f∆(1− Aˆ) , (3.26)
where f∆(x) ≡ sin(x∆)/x and
∆ ≡ ∆m
2
31L
4E
≃ 1.27 ∆m
2
31
eV2
L
km
GeV
E
,
Aˆ ≡ A
∆m231
, (3.27)
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with A defined in Eq. (3.21). The corresponding antineu-
trino oscillation probability P¯eµ is obtained from Peµ,
performing the replacements (δ → −δ, Aˆ → −Aˆ) in the
coefficients Ti defined above. The sign of Aˆ is determined
by the sign of ∆m231, and by whether one considers neu-
trino or antineutrino oscillations. The above approxi-
mate expressions are accurate as long as θ13 is not too
large and E & 0.5GeV (Barger et al., 2002b). They are
commonly used to illustrate some of the general features
of the matter effects in the neutrino oscillation proba-
bilities. In general, complete analyses are performed by
integrating the evolution equations in matter and taking
into account the Earth’s matter-density profile provided
by the preliminary reference Earth model (Dziewonski
and Anderson, 1981).
3. Degeneracy problems
In the previous sections, we reviewed the basics of the
neutrino oscillation formalism and how leptonic CP vio-
lation enters into the oscillation probabilities. The deter-
mination of the yet unknown neutrino parameters δ, θ13
and the sign of ∆m231, sgn(∆m
2
31), from the knowledge
of Peµ and P¯eµ is usually plagued by degeneracies and
correlations among the different parameters in the oscil-
lation probabilities. Consequently, one cannot determine
unambiguously the values of δ and θ13 (Burguet-Castell
et al., 2001; Minakata and Nunokawa, 2001) from a given
measurement of the probabilities P and P¯ . The three
twofold degeneracies related with the determination of
the oscillation parameters in long-baseline neutrino ex-
periments can be briefly summarized as follows.
a. CP degeneracy: (δ, θ13) ambiguity
The CP degeneracy occurs as a consequence of the fact
that two different sets (δ, θ13) can lead to the same os-
cillation probabilities for fixed values of the remaining
parameters (Burguet-Castell et al., 2001; Koike et al.,
2002). For instance, there might be CP-conserving so-
lutions which are degenerate with a CP-violating one.
In the (P, P¯ ) bi-probability space, the CP trajectories
(for δ 6= nπ/2, with n integer) are ellipses (Minakata and
Nunokawa, 2001) and therefore the degeneracy can be ge-
ometrically understood as the intersection of two ellipses
with distinct values of θ13. As a result, neutrino oscilla-
tion analysis relying on a monoenergetic beam at a fixed
baseline L will necessarily lead to parameter ambiguities.
If δ = nπ or (n−1/2)π, then the ellipses collapse to a line
and, in principle, θ13 can be determined. Nevertheless,
a (δ, π− δ) or (δ, 2π− δ) ambiguity still remains (Barger
et al., 2002b). Instead, if δ ≃ nπ/2, the ambiguous val-
ues of θ13 are very close to each other, being this case
qualitatively similar to the previous ones.
b. Mass-hierarchy degeneracy: sgn(∆m231) ambiguity
In certain cases, the same values of P and P¯ can be
obtained for different pairs (θ13, δ) and (θ
′
13, δ
′) when
considering ∆m231 > 0 or ∆m
2
31 < 0 (Minakata and
Nunokawa, 2001). This is commonly known as the sign
or mass-hierarchy degeneracy. As in the previous case,
CP-conserving solutions with ∆m231 > 0 may be de-
generate with CP-violating ones with ∆m231 < 0. The
sgn(∆m231) ambiguity is only present for some values of δ
and tends to disappear when matter effects become large,
i.e., when L and θ13 are sufficiently large (Barger et al.,
2000; Lipari, 2000). Unlike the (δ, θ13) ambiguity dis-
cussed above, where θ13 is resolved in the case δ = nπ/2,
the sgn(∆m231) ambiguity can lead to different values of δ
and θ13, even if the condition δ = nπ/2 is verified. In to-
tal, this ambiguity can lead to a fourfold degeneracy since
there may be four sets of (θ13, δ) (two for ∆m
2
31 > 0 and
two for ∆m231 < 0) which give the same values of P and
P¯ .
c. θ23 degeneracy: (θ23, π/2− θ23) ambiguity
The extraction of δ and θ13 is affected by another
ambiguity which is related with the atmospheric neu-
trino mixing angle θ23 (Barger et al., 2002b; Fogli and
Lisi, 1996). Since only sin2 2θ23 enters in the νµ survival
probabilities, it is straightforward to conclude that θ23
cannot be distinguished from π/2 − θ23. Obviously, for
θ23 ≃ π/4, which corresponds to the present best-fit
value of this angle, the ambiguity is not present. Once
again, CP-conserving and CP-violating solutions cannot
be disentangled due to the θ23 ambiguity. Moreover,
different values of θ13 can give the same P and P¯ , even
if δ = nπ/2.
From the above discussion, one concludes that, in the
worst case, there can be an eightfold degeneracy (Barger
et al., 2002b) when determining δ and θ13 from the mea-
surement of the probabilities P and P¯ , at a fixed baseline
L and neutrino energy E. Moreover, for all the ambigui-
ties, one may not be able to distinguish a CP-conserving
solution from a CP-violating one. An example of the
eightfold degeneracy is pictorially represented in Fig. 5,
where the point corresponding to the true solution is de-
generate with the clone ones (points II to VIII shown in
the bottom panel) at the intersection of the correspond-
ing ellipses in the bi-probability space. A complete anal-
ysis of the parameter degeneracy in neutrino oscillations
can be found in (Donini et al., 2004; Minakata and Uchi-
nami, 2010), where the degeneracies are interpreted as
being a result of the invariance of the oscillation proba-
bilities under discrete mapping of the mixing parameters.
Moreover, the analytical solution of all the clone solutions
has been obtained as a function of the true one.
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The existence of parameter ambiguities represents a
major difficulty in the extraction of the neutrino pa-
rameters from the experimental measurements of oscil-
lation probabilities. To overcome this limitation, a set
of complementary measurements have to be performed
for distinct oscillation channels, baselines, and ener-
gies (Burguet-Castell et al., 2001; Ishitsuka et al., 2005;
Kajita et al., 2007). It has also been shown that a good
energy resolution is also important to resolve the degen-
eracies (Bueno et al., 2002; Freund et al., 2001; Kajita
et al., 2002). A powerful method to reduce the impact of
ambiguities is to perform measurements at the so-called
“magic baseline” (Huber and Winter, 2003) which sat-
isfies the condition sin(Aˆ∆) = 0. This choice leads to
a simplified form of the oscillation probabilities since all
terms in Eq. (3.25) will vanish, except the first one. This
allows for a determination of sin2 2θ13 and sgn(∆m
2
31),
which is free of correlations with the CP phase δ (Barger
et al., 2002b; Lipari, 2000). It is straightforward to see
that the first solution to the magic condition corresponds
to
√
2GFneL = 2π which, for a constant matter density
profile, leads to
Lmagic ≃ 32726 1
ρ [g/cm
3
]
km . (3.28)
The magic baseline only depends on the matter density
and taking an average ρ ≃ 4.3 g/cm3 one has Lmagic ≃
7630 km. The above baseline has the disadvantage that
does not allow for the study of CP violation since the
oscillation probabilities are independent from δ for L ≃
Lmagic. For this reason, the combination of the magic
baseline with a shorter one (with better statistics) opens
the possibility for the measurement of θ13, sgn(∆m
2
31),
and δ without much correlations. In particular, a detailed
optimization study reveals that the combination of two
baselines L1 = 4000 km and L2 = 7500 km is optimal for
these studies (Kopp et al., 2008).
The study of additional oscillation channels may also
reduce the uncertainty in the determination of the neu-
trino oscillation parameters. For instance, it has been
shown that the analysis of the “silver” channel νe →
ντ (Donini et al., 2002) can be used to reduce the number
of clone solutions and better determine θ13 and δ. In this
case, the different behavior of the probability curves of
different channels should reduce (or ideally eliminate) the
impact of the degeneracies on the simultaneous fitting of
the two sets of data. The combination of two superbeam
facilities, one of them with a sufficiently long baseline and
the other with a good θ13 sensitivity, could help to resolve
the sgn(∆m231) degeneracy (Minakata et al., 2003a). One
of these superbeam experiments could be combined with
a reactor detector to determine the θ23 octant (Huber
et al., 2003; Minakata et al., 2003b). An upgraded ver-
sion of the NOνA experiment (Ayres et al., 2004) with
a second detector off axis at a shorter baseline would
also allow the determination of the neutrino mass hier-
archy free of degeneracies (Mena et al., 2006; Mena Re-
quejo et al., 2005). Another possibility relies on com-
bining long-baseline and atmospheric neutrino data to
solve the θ23 and sgn(∆m
2
31) degeneracies (Huber et al.,
2005). These examples reveal the importance of working
in the direction of establishing the optimum experimen-
tal facilities which reduce or even eliminate the impact
of the ambiguities on the determination of the neutrino
parameters in future neutrino oscillation experiments.
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4. Future prospects for leptonic CPV in neutrino oscillation
experiments
Even though neutrino physics has witnessed a series
of successes in the last decade, there are still fundamen-
tal open questions about neutrinos. Among the ones for
which neutrino oscillation experiments will seek an an-
swer are
• How large is the θ13 mixing angle?
• Is there CPV in the lepton sector and, if so, what
is the value of δ?
• How are neutrino masses ordered: is ∆m231 > 0
(NO) or ∆m231 < 0 (IO)?
• Is the atmospheric neutrino mixing angle θ23 ex-
actly equal to π/4?
• Are there subdominant nonstandard interactions in
the lepton sector?
From the theoretical perspective, a better knowledge
of the oscillation parameters could give some hints about
the origin of flavor in the lepton sector and, perhaps, on
the neutrino mass generation mechanism. With this goal
in mind, the major challenge for the upcoming neutrino
oscillation experiments will be to probe for subleading ef-
fects in neutrino oscillations. In the last years, there has
been an intense activity towards finding the optimal ex-
perimental conditions and configurations that will allow
one to answer the above questions.
It is beyond the scope of this review to give an exhaus-
tive discussion of the physics reach of all future experi-
ments. Instead, we aim at presenting a brief overview of
the sensitivities and prospects in the measurement of θ13,
δ, and sgn(∆m231), in future neutrino oscillation facilities.
For further details, we refer the reader to other works
exclusively dedicated to the subject (Apollonio et al.,
2002; Bandyopadhyay et al., 2009; Bernabeu et al., 2010;
Mezzetto and Schwetz, 2010; Nunokawa et al., 2008).
a. Upcoming reactor neutrino and superbeam experiments
Reactor neutrino experiments observe the disappear-
ance of ν¯e antineutrinos produced in nuclear fission re-
actions in the core of a nuclear reactor. The neutri-
nos are detected through the inverse beta decay reaction
ν¯e+p→ e++n with an energy threshold of approximately
1.8 MeV. Low-baseline reactor neutrino experiments like
Go¨sgen (Zacek et al., 1986), Bugey (Declais et al., 1995),
Palo Verde (Boehm et al., 2001), and CHOOZ (Apollo-
nio et al., 2003) searched for ν¯e disappearance without
success4. In the case that the detector is placed at a
distance L ∼ 100 km, the experiment becomes sensitive
to the solar-neutrino oscillation parameters ∆m221 and
θ12. The ongoing KamLAND experiment in Japan uses
a 1 kton liquid-scintillator detector to measure the flux
of ν¯e coming from a complex of 53 surrounding nuclear
plants located at an average distance L ∼ 180 km. The
KamLAND data indicated a ν¯e disappearance, in agree-
ment with the large mixing angle solution of the solar-
neutrino data (Eguchi et al., 2003).
Upcoming reactor neutrino experiments like Double
CHOOZ in France (Ardellier et al., 2006), Daya Bay in
Japan (Guo et al., 2007b), and RENO in Korea (Ahn
et al., 2010) will have a typical baseline L ∼ 1 km and
therefore they will be looking for ν¯e disappearance driven
by ∆m231 and the small mixing angle θ13. Consequently,
the observation of a neutrino deficit in these experiments
could be an indication for a nonzero θ13. To increase the
θ13 sensitivity, all these experiments will operate as mul-
tidetector setups. Double CHOOZ will be able to mea-
sure sin2 2θ13 down to 0.03, while Daya Bay and RENO
aim at a sensitivity of sin2 2θ13 ∼ 0.01. Double CHOOZ
has started to take data with one detector at the end
of 2010 and it is expected to start operating with its
two detectors by the middle of 2012. Daya Bay is cur-
rently under construction and full data taking is planned
to start in 2012, while RENO has recently started its
physics program.
In superbeam experiments, an intense proton beam is
directed to a target, producing pions and kaons which
subsequently decay into neutrinos. The resulting neu-
trino beam consists mainly of νµ with a small νe compo-
nent. Because of the increased statistics, the precision of
the leading atmospheric neutrino parameters is improved
and the sensitivity to θ13 may become comparable (or
slightly better) to that of reactor neutrino experiments
after a long running period. Moreover, under some cir-
cumstances, superbeam facilities may be able to provide
some information regarding CP violation and the type of
neutrino mass spectrum. The presence of νe in the orig-
inal beam, which cannot be distinguished from the ones
coming from the appearance process νµ → νe, is the main
limitation of this kind of experiment. There are presently
two superbeam experiments, namely, the “NuMI” (neu-
trinos at the main injector) off axis νe appearance ex-
periment (NOνA) in the United States (Ayres et al.,
2004) which is still under construction, and the “Tokai
to Kamioka” (T2K) experiment in Japan (Itow et al.,
2001). In NOνA, the neutrino beam is provided by the
NuMI Fermilab facility and its far detector is planned to
be located at a distance of 812 km. For T2K, the neu-
4 Recently, the improved predictions of the reactor antineutrino
fluxes show that these experiments may have observed less neu-
trinos than expected (Mention et al., 2011; Mueller et al., 2011).
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trino beam is produced at the Japan Research Complex
(J-PARC), and the far detector (the Super-Kamiokande
one) is located at a distance of 295 km. In order to re-
duce the systematic uncertainties, both experiments will
have near detectors dedicated to study the unoscillated
neutrinos.
The next round of reactor (Double CHOOZ, Daya Bay,
and RENO) and accelerator (NOνA and T2K) neutrino
experiments are mainly targeted to the measurement of
the neutrino mixing angle θ13, which, if large, could also
be on the reach of MINOS and OPERA. However, it
is also interesting to investigate how sensitive these ex-
periments are to CPV and the neutrino mass hierarchy
(NMH). This question was recently addressed in (Huber
et al., 2009), where the physics potential of the upcoming
reactor and accelerator neutrino oscillation experiments
has been analyzed.
In Fig. 6, the sensitivity limit and discovery potential
of θ13 is given as a function of time for the reactor and
superbeam experiments mentioned above. From the top
panel of this figure, one concludes that the sensitivity
will be dominated by the reactor neutrino experiments
and, in particular, by Daya Bay as soon as it becomes
operational. The same plot also shows that accelerator
experiments are not competitive with the reactor ones.
The discovery potential of θ13 is shown at the center and
bottom of the same figure for the NH and IH spectrum,
respectively. For the beam experiments, the dependence
of the results on the CP phase δ is reflected by the cor-
responding shaded regions. Note that there is no depen-
dence on δ for the reactor experiments since this phase
does not appear in the Pee disappearance probability.
The comparison of the NH and IH results shows that the
discovery potential of θ13 does not depend much on the
type of neutrino mass hierarchy. In general grounds, one
concludes that we can measure θ13 in the next generation
of neutrino experiments, if θ13 & 3°.
The analysis of (Huber et al., 2009) shows that NOνA
is required for NMH discovery, due to its long baseline
and significant matter effects. If sin2 θ13 ≃ 0.1, the NMH
can be established at 90 % C.L. for about 40% − 50%
of all values of δ. Adding other experiments to NOνA
slightly improves the situation in some cases. By them-
selves, NOνA and T2K do not have a significant CPV
discovery potential. Yet, when combined, these two ex-
periments can be sensitive to CPV for 30% of all values
of δ, if ∆m231 < 0. On the other hand, the same two
experiments combined have no CPV discovery potential
for the NH case (Huber et al., 2009). Nevertheless, the
inclusion of reactor neutrino data significantly improves
the situation to a point in which CPV can be established
at 90 % C.L. for about 20% − 30% of all values of δ if
sin2 θ13 & 0.04. In conclusion, one can say that the CPV
discovery potential in future reactor and superbeam ex-
periments is rather marginal. If θ13 is close to its upper
bound, the sensitivity of these setups to CPV and the
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FIG. 6 Top: Time evolution of the sensitivity of θ13 at 90 %
C.L., defined as the limit which is obtained if the true value
of θ13 is zero. Center and bottom: Discovery potential of θ13
at 3σ as a function of time (given as the smallest value of θ13,
which can be distinguished from zero), for a NH (center) and
an IH (bottom) neutrino mass spectrum. From (Huber et al.,
2009).
NMH can be greatly improved with upgraded versions
of NOνA and T2K. In any case, although these experi-
ments may give some indications about the value of θ13,
CPV, and the NMH, the confirmation of such hints will
require a new generation of experiments like β beams or
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neutrino factories. One should also keep in mind that,
even if θ13, CPV, or sgn(∆m
2
31) are not measured, the up-
coming beam experiments will increase the precision of
the atmospheric neutrino parameters through the study
of the νµ → νµ disappearance channel. In particular,
deviations from maximal atmospheric mixing can be es-
tablished at 3σ for | sin2 θ23 − 0.5| & 0.07 (Huber et al.,
2009).
Recently, the T2K Collaboration reported the results
of the first two physics runs (January to June 2010 and
November to March 2011) (Abe et al., 2011). The analy-
sis of the events in the far detector with a single electron-
like ring indicates electron-neutrino appearance from a
muon-neutrino beam. T2K observed six of such events,
which can hardly be explained if θ13 = 0. Indeed, the
probability to observe six or more events for vanishing
θ13 is less than 1%. The 90% C.L. interval obtained from
the T2K oscillation analysis is 0.03(0.04) < sin2(2θ13) <
0.28(0.34) with a best fit 0.11(0.14), where the num-
bers in parenthesis correspond to the results in the case
∆m231 < 0. Further data from T2K and reactor neu-
trino experiments will help to confirm these results and
increase the precision on the determination of θ13. Tak-
ing as a reference the best-fit value of the T2K analysis,
then we can say that the prospects for determining the
NMH and CP violation in the near future are very good.
Examples of second-generation superbeam experi-
ments are the CERN superbeam project (Gomez-
Cadenas et al., 2001; Mezzetto, 2003a) based on a super
proton linear particle accelerator (SPL), and the upgrade
of T2K and T2HK (Itow et al., 2001). In the former case,
the MEMPHYS detector at Fre´jus in France would detect
the CERN SPL neutrinos located at a distance of 130 km.
The T2HK beam would be produced at J-PARC in Tokai
and sent to the Hyper-Kamiokande detector located at
the Kamioka mine, 295 km far from the source. An al-
ternative setup with a second detector placed in Korea
(T2KK) at a distance of 1050 km has also been consid-
ered (Ishitsuka et al., 2005). The discovery potential of
θ13, CPV, and NMH in those second-generation super-
beam experiments has been investigated in (Campagne
et al., 2007).
The CPV discovery potential of T2HK and SPL is
shown in Fig. 7, where the performance of the two exper-
iments is compared. The results show that for maximal
leptonic CPV, i.e., for δ = π/2 or 3π/2, CPV could be
discovered at 3σ for sin2 2θ13 & 10
−3. Concerning the
discovery potential of the mixing angle θ13, the perfor-
mance of T2HK and SPL is similar, and a measurement
down to sin2 2θ13 ≃ 4× 10−3 is within their reach for all
possible values of δ. Because of the short baseline of the
upgraded superbeam experiments, the determination of
the NMH at T2HK and SPL is rather limited. The com-
bination of superbeam and β-beam experiments would
also result in an increased θ13 sensitivity. For instance,
the 5-year data set of SPL combined with a β-beam ex-
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can be excluded at the 3σ level, considering systematic errors
of 2% (5%). From (Bandyopadhyay et al., 2009; Campagne
et al., 2007).
periment would have a better sensitivity than a 10-year
running of T2HK (Huber et al., 2009). The SPL super-
beam combined with a neutrino factory could also help in
solving the eightfold degeneracy (Burguet-Castell et al.,
2002) described in Sec. III.B.3.
b. β-beam experiments
One of the main limitations of superbeam experiments
is the νe contamination of the initial neutrino beam. A
flavor-pure neutrino beam could be obtained using the β-
beam concept (Zucchelli, 2002) in which highly boosted
νes are obtained from the decay of accelerated unstable
ions circulating in a storage ring. Pure electron-neutrino
and antineutrino beams can be produced using 18Ne and
6He through the reactions 18Ne → 18Fe + e+ + νe and
6He → 6Li + e− + ν¯e respectively. The neutrino energy
can be accurately set by choosing the required Lorentz
factor γ of the accelerated mother nuclei. β-beam ex-
periments aim at studying the νe → νµ and ν¯e → ν¯µ
appearance channels, which can be used to probe θ13
and CP violation. In principle, the νe → νe and ν¯e → ν¯e
disappearance can also be measured at a β-beam exper-
iment, although in this case the performance is compa-
rable with the one of reactor neutrino experiments. Al-
though at present there are no concrete β-beam experi-
ments planned, there has been a great effort to develop
this kind of experimental setup (Lindroos and Mezzetto,
2010).
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A standard low-energy experiment with sub-GeV neu-
trinos and a baseline of L = 130 km (distance from
CERN to Fre´jus) has been considered as a possible
β-beam configuration (LEββ) (Bouchez et al., 2004;
Mezzetto, 2003b). Possible candidate isotopes are 6He
and 18Ne (Zucchelli, 2002) accelerated to a standard
Lorentz factor γHe,Ne = 100 at the CERN Super Pro-
ton Synchrotron (SPS) (Burguet-Castell et al., 2004;
Mezzetto, 2006). High-energy β beams (HEββ) with
E = 1 − 1.5 GeV and L ≃ 700 km (CERN-Canfranc,
CERN-Gran Sasso, or Fermilab-Soudan) could also be
an alternative. For such cases, the appropriate Lorentz
factor γHe,Ne = 350 is achievable at an upgraded SPS
or the Tevatron (Burguet-Castell et al., 2004). Alterna-
tively, moderate values of γ ∼ 100 could be appropriate
if ions with higher endpoint kinetic energy like 8Li or 8B
are used. Because of its larger baseline, the HEββ setup
would be sensitive to sgn(∆m231) (Agarwalla et al., 2007;
Coloma et al., 2008; Donini et al., 2005; Huber et al.,
2006b; Meloni et al., 2008).
The 3σ sensitivity to CPV is shown in Fig. 8 for three
β-beam configurations, namely, LEββ with a 500 Mton
water Cˇerenkov detector, HEββ with a 500 Mton water
Cˇerenkov detector (HEββ-a), and HEββ with a liquid-
scintillator detector (HEββ-b). From these results, one
can see that the HEββ-a provides the best CPV sensi-
tivity, with slightly worse results for negative values of δ
due to the sgn(∆m231) ambiguity. The potential of these
β-beam setups to sgn(∆m231) is limited to relatively high
values of θ13, namely, sin
2 θ13 & 0.03. The extraction of
θ13 and δ from the data is also more difficult for the LEββ
setup since the uncertainties are significantly larger and
the eightfold degeneracy is present. The situation is im-
proved for the HEββ-a case for which the intrinsic de-
generacy is resolved.
The combination of superbeam and β-beam experi-
ments has also been considered and, in particular, it
has been shown that a 5-year run of SPL and β beam
would result in a better sensitivity to θ13 than 10 years
of T2HK (Huber et al., 2009). Using distinct ions (Donini
and Fernandez-Martinez, 2006) with a γ reachable at the
CERN SPS could also help in resolving the degeneracies
due to the different values of L/〈E〉.
c. Electron-capture beams
In these experiments, neutrinos are obtained from
electron-capture processes (Bernabeu et al., 2006, 2005;
Orme, 2010; Sato, 2005), in which an atomic electron
is captured by a proton of the nucleus leading to a nu-
clear state of the same mass number A. The proton is
replaced by a neutron, and an electron neutrino is emit-
ted (pe− → nνe) with fixed energy, since this is a two-
body decay. Consequently, a flavor-pure and monochro-
matic neutrino beam can be obtained. The electron-
capture beam concept is feasible if the ions decay fast
enough. Recent discovery of nuclei far from the stabil-
ity line having superallowed spin-isospin transitions to
Gamow-Teller resonances turn out to be very good can-
didates. A particular choice is 150Dy, with a neutrino
energy at rest given by 1.4 MeV due to a unique nu-
clear transition from 100% electron capture in going to
neutrinos. The oscillation channel to study is once more
νe → νµ, being the prospects for the measurement of
θ13 and CP violation quite impressive. Since only a neu-
trino beam is available, sensitivity to CPV is reached by
performing runs at different values of γ. The attainable
precision in such kind of experiments (Bernabeu et al.,
2005) is illustrated in Fig. 9, where several values for θ13
and δ have been assumed. The contour lines correspond
to the determination of the oscillation parameters at dif-
ferent confidence levels. It has also been shown that the
combination of β and electron-capture beam experiments
using boosted ytterbium could achieve remarkable results
in what concerns the determination of the neutrino mass
hierarchy, CP violation, and θ13 (Bernabeu et al., 2009).
d. Neutrino factories
If θ13 happens to be very small, then its measure-
ment will be only possible at a neutrino factory (NF).
This idea was first discussed almost 15 years ago (Geer,
1998) and, since then, a great deal of effort has been
made in order to plan and optimize the concept. In this
type of experiment, muons are accelerated and stored
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FIG. 9 Fits for θ13 and δ in an electron-capture experiment
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in a storage ring. A boosted and collimated neutrino
beam is obtained from the decays of the muons in the
straight sections of the ring. Contrary to the β-beam
and electron-capture experiments, at NFs the neutrino
beam contains both electron and muon (anti)neutrinos
since µ− → e− + νµ + ν¯e (or µ+ → e+ + ν¯µ + νe, if µ+
are stored). The neutrino beam at a NF can be used
to study the leading atmospheric neutrino parameters
∆m231 and θ23 through the study of the disappearance
channels νµ → νµ and ν¯µ → ν¯µ. Nevertheless, the ulti-
mate purpose of a NF is the measurement of subleading
effects in the golden appearance channel νe → νµ and its
CP conjugated (Cervera et al., 2000). The detection of
golden channel events requires an effective charge separa-
tion of the muons produced in charged-current processes,
due to the presence of wrong-sign muons originated from
the disappearance channel. This could be achieved with a
magnetized iron detector (MIND), which appears as the
most straightforward solution for a high-fidelity muon
charge measurement. Since the neutrino energy is typi-
cally very high (up to 25 or 50 GeV), the detector has to
be placed at a distance of several thousand of kilometers
in order for oscillations to occur. A very active research
and development program is currently undergoing in the
framework of the International Design Study for the Neu-
trino Factory (IDS-NF) (Bandyopadhyay et al., 2009), to
which the reader is referred for more details about the
possible NF configurations and performance comparison.
Here we limit ourselves to give a general idea about the
θ13, CPV, and NMH sensitivities at neutrino factories.
As mentioned, the determination of θ13 and δ at a
NF suffers from several ambiguities. A possible solu-
tion to this problem is to combine golden measurements
at different baselines or, if an efficient τ detector is
available, to use the silver νe → ντ oscillation chan-
nel (Autiero et al., 2004; Donini et al., 2002). The orig-
inal IDS-NF setup considers a double-baseline NF with
L1 ≃ 3000 − 5000 km, L2 ≃ Lmagic ≃ 7500 km, and a
muon energy Eµ = 25 GeV. Such a standard configura-
tion is advantageous for several reasons: the sensitivity
to very small values of θ13 and thus to several three-
flavor effects (Huber et al., 2006a), and the robustness
against new physics effects like nonstandard interactions
in the lepton sector (Kopp et al., 2008) and systematic er-
rors (Tang and Winter, 2009). An alternative setup with
a lower muon energy Eµ = 5 GeV, a totally active scin-
tillator detector (TASD) and a baseline of L ≃ 1300 km
has also been considered as a possible low-energy neu-
trino factory (LENF) configuration (Bross et al., 2008;
Fernandez Martinez et al., 2010; Geer et al., 2007; Tang
and Winter, 2010). This kind of alternative is particu-
larly suitable for large sin2 2θ13.
Since it is unlikely that the accelerator part of a NF
will be specially built for this experiment, one has to as-
sume that the neutrino beam will be produced at existing
facilities. In such a case, the options are CERN, J-PARC,
the Rutherford Appleton Laboratory (RAL) and the
Fermi National Accelerator Laboratory (FNAL) (Apol-
lonio et al., 2009). As for the possible detector locations,
a list of candidate sites in the United States (Cushman,
2006) and Europe (Rubbia, 2010) has been recently com-
piled. In Asia, possible detector sites are the Kamioka
mine in Japan, the proposed Chinese underground labo-
ratory at CPJL, YangYang in Korea, and the India-based
Neutrino Observatory (INO) in India. The possibility of
a green-field scenario in which neither the baseline nor
the muon energy are constrained has also been consid-
ered in NF optimization studies (Agarwalla et al., 2011;
Bueno et al., 2002; Huber et al., 2006a).
As a representative analysis, we show in Fig. 10 (Agar-
walla et al., 2011) the CPV, θ13, and NMH discovery po-
tential for several NF setups. The results indicate that
the θ13 sensitivity is comparable for all the cases con-
sidered, namely, sin2 2θ13 will be measurable at neutrino
factories down to ∼ 10−4, corresponding to θ13 ∼ 0.3°.
The “100 kt+50 kt” setup is the one which performs
better on the CPV discovery potential, while the NMH
sensitivity is comparable to the one of the remaining two
double-baseline options (see the figure caption for more
details on the curve labels). The single-baseline configu-
ration “100 kt only” has a rather worse NMH discovery
reach than the other setups. In general, one can say
that for sin2 2θ13 & 10
−2 a LENF is quite effective. On
the other hand, a double-baseline high-energy NF will be
necessary for smaller values of θ13. As mentioned, the
next generation of reactor and superbeam experiments
will be able to tell us if sin2 2θ13 & 10
−2, allowing for an
optimization of a large θ13 scenario at neutrino factories.
To conclude, one can say that the θ13, CPV and NMH
discovery potential of future experiments depends mainly
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FIG. 10 5σ discovery reach of CPV (left), NMH (center) and θ13 (right) for several NF setups: “50 kt+50kt” refers to a
combination of two 50 kton MINDs at L1 = 4000 km and L2 = 7500 km, “100 kt only” to a 100 kton MIND at L = 4000 km,
“100 kt+50 kt” to a 100 kton MIND at L1 = 4000 km and a 50 kton MIND at L2 = 7500 km, and “IDS-NF 1.0” to the IDS-NF
setup. From (Agarwalla et al., 2011).
on the true value of θ13. If sin
2 2θ13 & 10
−2, then the dis-
covery potential of all the above considered experiments
is comparable (although NFs will be able to performmore
precise measurements). If the value of sin2 2θ13 is in the
intermediate range 5× 10−4 . sin2 2θ13 . 10−2, only β-
beam experiments and neutrino factories will be able to
probe on CPV and the NMH. In the worst case, in which
sin2 2θ13 . 5 × 10−4, neutrino factories seem to be the
only hope to establish leptonic CP violation and identify
the neutrino mass hierarchy. However, since the recent
T2K and MINOS data indicate that sin2 2θ13 is not so
small, most probably we will not have to wait for neu-
trino factories to discover LCPV and find out whether
the neutrino mass spectrum is normal or inverted.
We conclude this section with a comment on the po-
tential of measuring θ13 and NMH from supernova (SN)
neutrinos. The time-dependent energy spectra of νe and
ν¯e from a future SN can be valuable to obtain informa-
tion on the neutrino mass and mixing pattern (Dighe and
Smirnov, 2000). In fact, identifying the neutrino mass hi-
erarchy is possible for θ13 as small as 10
−10 (Dasgupta
et al., 2008). For such small values of θ13, the sensitivity
of supernova neutrino oscillations to the mass hierarchy
stems from collective neutrino oscillations that take place
near the supernova core. Therefore, a future galactic SN
may become extremely important for the understanding
of neutrino mixing and SN astrophysics. Of course, the
occurrence of a SN is a rare happening, and to take the
most from SN neutrinos one must be prepared with the
best detectors.
C. Neutrinoless double beta decay
An important process which may unveil crucial aspects
about the fundamental nature of neutrinos is neutrino-
less double beta decay (0νββ) (Avignone et al., 2008;
Tomoda, 1991; Vergados, 2002), where even-even nuclei
undergo the transition (A,Z)→ (A,Z + 2) + 2e−. This
process obviously violates lepton number by two units
and therefore the mechanism responsible for 0νββ can
also induce Majorana neutrino masses. In short, the ob-
servation of 0νββ implies that neutrinos are Majorana
particles (Schechter and Valle, 1982). Several scenarios
beyond the SM predict the occurrence of 0νββ decay like,
for instance, supersymmetric theories that violate lepton
number and/or R parity (Hirsch et al., 1995, 1998; Moha-
patra, 1986b). The 0νββ-decay width is usually factor-
ized as Γ0νββ = Gkin|M0ν |2Fpart, where Gkin is a known
phase space factor, M0ν is the nuclear matrix element
(NME), and Fpart encodes the particle physics part of
the process. In the simplest case, when 0νββ is driven
by light Majorana neutrino exchange, Fpart ∝ m2ee, where
mee is an effective electron-neutrino mass simply given by
mee = |(mν)11| [see, e.g., (Bilenky, 2010; Rodejohann,
2011)].
Several experiments have been searching for 0νββ us-
ing different nuclei. Up to now, no indications in favor of
this process have been obtained, although some mem-
bers of the Heidelberg-Moscow collaboration claim to
have observed 0νββ with a lifetime which corresponds to
mee ≃ 0.4 eV (Klapdor-Kleingrothaus and Krivosheina,
2006). This result will be soon checked by an indepen-
dent experiment. From the most precise 0νββ experi-
ments, the upper bounds
mee < (0.20− 0.32) eV, Heidelberg −Moscow (76Ge)
< (0.30− 0.71) eV, CUORICINO (130Te)
< (0.50− 0.96) eV, NEMO(130Mo) (3.29)
obtained by the Heidelberg-Moscow (Baudis et al.,
1999), CUORICINO (Andreotti et al., 2011) and
NEMO (Arnold et al., 2005) Collaborations, have
been inferred. In the future, 0νββ experiments like
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GERDA (Jochum, 2010), CUORE (Andreotti et al.,
2011), EXO (Gornea, 2010), MAJORANA (Gehman,
2008), SuperNEMO (Arnold et al., 2010), SNO+ (Kraus
and Peeters, 2010), KamLAND-ZEN (Terashima et al.,
2008), and others, will be able to probe the value of mee
down to a few 10−2 eV.
If the dominant contribution to 0νββ is due to the
exchange of light active Majorana neutrinos, then mee
depends exclusively on neutrino mass and mixing pa-
rameters which enter the definition of the neutrino mass
matrix mν . Using the parametrization for the leptonic
mixing matrix U given in Eq. (2.13), one has
mee = | c213 (m1c212+m2e−iα1s212)+m3e−iα2s213 | . (3.30)
This shows that the relation between the particle physics
part of 0νββ decay and neutrino masses and mixing
is direct in the sense that mee depends on parameters
which define the neutrino mass matrix. Therefore, the
observation of 0νββ decay can in principle provide valu-
able information about the type of neutrino mass spec-
trum (Bilenky et al., 2001; Murayama and Pena-Garay,
2004; Pascoli and Petcov, 2002), the absolute neutrino
mass scale (Choubey and Rodejohann, 2005; Joaquim,
2003; Matsuda et al., 2001; Pascoli et al., 2002), and the
Majorana CP-violating phases (Barger and Whisnant,
1999; Branco et al., 2003c; Czakon et al., 2000; Pascoli
et al., 2006).
The presently available neutrino oscillation data al-
ready impose some constraints on the value of mee.
In the case of a hierarchical neutrino mass spectrum
(m1 ≪ m2 ≃
√
∆m221 ≪ m3 ≃
√
∆m231) one has
mHIee√
∆m231
≃
∣∣∣∣s413 + r c413s412 + 12√r s212 cosα sin2(2θ13)
∣∣∣∣ 12 ,
(3.31)
where α is a Majorana-phase difference. If α = π, can-
cellations in mHIee may occur for
s213 =
rs212
1 + rs212
∼ 0.01 , (3.32)
where in the numerical estimate we have used the STV
best-fit values for the neutrino parameters given in Ta-
ble I. Such values of s213 are close to the best-fit points
shown in Table I, and will be probed by future neutrino
experiments as discussed in Sec. III.B.4.
In the case of an IH neutrino mass spectrum, the ef-
fective neutrino mass parameter is simply given by
mIHee ≃
√
∆m231
√
1− sin2(2θ12) sin2 α
2
. (3.33)
It is straightforward to conclude that mIHee is constrained
to the range√
|∆m231| (1− 2s212) . mIHee .
√
|∆m231| , (3.34)
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FIG. 11 Dependence of mee on the lightest neutrino mass m0
for a normal (HI) and inverted (IH) neutrino mass spectrum.
The yellow (light blue) region corresponds to 3σ intervals of
the STV for a normal (inverted) neutrino mass spectrum. The
Majorana phases α1,2 are varied in the interval [0, 2π]. The
regions disfavored by kinematical searches and cosmology are
delimited by the vertical shaded bands. The future Katrin
and Planck satellite sensitivities are indicated by the vertical
dashed line. The horizontal purple band refers to the mee re-
gion disfavored by the 0νββ Heidelberg-Moscow experiment.
In turn, the dash-dotted horizontal line at mee = 0.01 eV
illustrates the sensitivity of future 0νββ experiments. The
mee allowed region delimited by the solid black lines is ob-
tained when the best-fit values of the STV global neutrino
data analysis are considered (see Table I).
which, taking into account the 3σ allowed ranges for the
neutrino parameters given by the STV global analysis
(Table I), leads to
0.013 . mIHee . 0.05 . (3.35)
Therefore, near future 0νββ decay experiments will be
able to test the IH neutrino mass spectrum when this
process is dominated by neutrino exchange.
In Fig. 11, we show the dependence of mee on the
lightest neutrino mass m0 for both types of neutrino
mass spectra, i.e., normal and inverted hierarchy (Vis-
sani, 1999). The ranges of m0 disfavored by kinematical
neutrino mass searches (Mainz and Troitsk) and by cos-
mology are also shown (see the discussion at the end of
Sec. III). The mee allowed region is shown in yellow
(light blue) for a normal (inverted) neutrino mass spec-
trum, taking the 3σ STV neutrino data of Table I, and
varying the Majorana phases in the range [0, 2π]. These
two regions overlap for m0 ≫ ∆m231, where neutrinos are
quasidegenerate. The same regions would be delimited
by the solid black lines if the best-fit values are consid-
ered. In this particular case, one can see that, even if the
neutrino mixing angles are fixed, the Majorana phases
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have a strong impact on mee. It is also clear from this
figure that the nonobservation of 0νββ in future experi-
ments sensitive tomee down to 0.01 eV would exclude the
IH and QD neutrino mass spectra. One should, however,
keep in mind that the latter conclusion is valid under the
assumption that the only contribution to 0νββ is the one
mediated by the exchange of light active neutrinos.
If 0νββ decay is observed by future experiments, then
one would a priori expect to learn something about
Majorana-type CP violation in the lepton sector. In
particular, a question which has been often addressed
in the literature is whether one can extract the value of
the phases α1 and α2 from a measurement of the 0νββ
lifetime of a nucleus. Although this may seem an easy
task from the mathematical point of view, the truth is
that such a Majorana-phase determination is plagued by
uncertainties in the determination of the NMEs M0ν .
Indeed, the computation of these quantities is a highly
nontrivial many body problem (Menendez et al., 2009).
It has also been claimed that CP violation is not de-
tectable via 0νββ (Barger et al., 2002a). The argument
they present is based on the fact that if one considers x as
being the sum of the uncertainty in the NME calculation
and the experimental error, then the necessary condition
for the discovery of CP violation requires that
sin2(2θ12) > 1−
(
1− x
1 + x
)2
. (3.36)
Taking the best-fit value of sin2 θ12, one has x < 0.46.
This is far beyond what seems reasonable to consider in
view of the difficulties in calculating the NME, which
presently suffers from an uncertainty factor of 2-3. More
refined numerical studies confirmed the above general
conclusion that, most probably, Majorana CP violation
cannot be established in the near future 0νββ experi-
ments. This could not be the case if the errors in the
determination of mee and the sum of neutrino masses
would not exceed 10%. In addition, the corresponding
NME should be known within a factor of 1.5 (Pascoli
et al., 2006), which seems to be a challenging target to
reach.
Note that, although 0νββ decay depends on the Majo-
rana phases α1,2, there is no distinction between the 0νββ
rate of a nucleus and that of the corresponding antinu-
cleus. In other words, 0νββ processes do not manifestly
exhibit the violation of CP. Still, processes like neutrino
↔ antineutrino oscillation and rare leptonic decays of K
and B mesons (e.g., K± → π∓l±l± and similar modes for
the B meson) can actually be sensitive to Majorana-type
CPV (de Gouvea et al., 2003).
D. Lepton flavor violation and seesaw neutrino masses
In the quark sector, the only source of flavor and CP
violation is the CKM mixing matrix. A large number of
observables, mainly involving K and B meson sectors,
have been crucial to constrain the mixing angles and the
CP-violating phase of this matrix, and to test the consis-
tency of the CKM framework. In general, if there is new
physics beyond the standard model (BSM), new sources
of flavor and CP violation are present. Their contribu-
tions to flavor and CP-violating processes may induce
deviations from the SM predictions. The situation in
the lepton sector is very different, since the only experi-
mental evidence for flavor violation comes from neutrino
oscillations, which require the existence of a nontrivial
lepton mixing matrix U, which is the analog of the CKM
matrix for leptons. This mixing matrix leads to LFV pro-
cesses like, for instance, radiative charged-lepton decays
li → ljγ (Cheng and Li, 1977; Marciano and Sanda, 1977;
Petcov, 1977). Moreover, if CP is violated in the lepton
sector, charged-lepton electric dipole moments get also a
nonzero contribution (Ng and Ng, 1996). However, due
to the smallness of the neutrino masses, the correspond-
ing observables are negligibly small and unaccessible to
experiments.
The observation of any lepton flavor-violating process
other than neutrino oscillations or the measurement of
charged-lepton electric dipole moments would then be a
direct signature of new physics. This is in clear con-
trast with what happens in the quark sector, in which
new physics effects are subdominant to the SM ones.
Up to now, none of these LFV processes have been ob-
served and therefore only upper bounds on their rates
are available. The present experimental limits for sev-
eral charged-lepton LFV decays are shown in Table II.
Several experiments aim at improving these bounds in
the near future, namely, the MEG Collaboration plans
to reach a sensitivity of BR(µ → eγ) ∼ 10−13 (Cavoto,
2010) until the end of 2012, while a Super B factory would
be able to probe LFV τ decays to a level of 10−9. As
for µ → 3e, the rather optimistic projected sensitivity
is around 10−14 (Aysto et al., 2001), while µ-e conver-
sion in titanium could be tested at 10−18 by the J-PARC
experiment PRISM/PRIME (Yoshimura, 2003).
If small neutrino masses are the only source of LFV,
then the branching ratios (BR) for the radiative LFV
charged-lepton decays are simply given by
BR(li → ljγ)
BR(li → lj ν¯jνi) =
3α
32π
∣∣∣∣∣∣
∑
k=2,3
U
∗
ikUjk
∆m2k1
m2W
∣∣∣∣∣∣
2
.
3α
32π
∣∣∣∣∆m231m2W
∣∣∣∣2 ∼ O(10−53) , (3.37)
where the unitarity ofU and the present value for |∆m231|
have been taken into account for the numerical estimate.
The above result shows that, if neutrino masses are added
to the SM in order to explain the neutrino oscillation
data, the rates of LFV processes turn out to be far be-
yond the sensitivity reach of future experiments. This
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is due to an extremely strong Glashow-Iliopoulos-Maiani
(GIM) suppression mechanism (Glashow et al., 1970) in
the lepton sector. Therefore, it is of extreme importance
to explore BSM scenarios where this suppression is some-
how alleviated.
Particularly interesting scenarios in which LFV is en-
hanced to observable levels are those when the new LFV
sources are in some way related to those responsible for
neutrino masses and mixing. For instance, if neutrino
masses arise through the seesaw mechanism, then the
seesaw mediators may induce LFV at either tree or one-
loop level by participating directly in the decays. In such
cases, the masses of these new states are required to be
not too far from the electroweak scale. In the case of the
type I seesaw (see Sec. II.E), the flavor dependence of the
one-loop amplitudes of the processes li → ljγ is roughly
encoded in the coefficients Fij = (Y
ν†
d
−2
M Y
ν)ij , where
Y
ν is the Dirac-neutrino Yukawa coupling matrix and
dM = diag(M1,M2,M3); Mi are the heavy Majorana
neutrino masses. Instead, it follows from Eq. (2.35) that
the effective neutrino mass matrix is proportional to the
combination Yνd−1M Y
νT . From this simple (but effec-
tive) argument, one can see that there is no direct model-
independent way of relating the neutrino data with LFV
searches in this simple framework. This is mainly due
to the fact that one cannot reconstruct the couplings Yν
and masses Mi, even if we know the effective neutrino
mass matrix.
The situation is somehow different in the type II seesaw
mechanism in which neutrino masses are generated by
the tree-level exchange of scalar triplets. In this case,
li → ljγ is induced at one loop (Bilenky and Petcov,
1987; Mohapatra, 1992; Pich et al., 1984), while three-
body charged-lepton LFV decays appear already at tree
level (Barger et al., 1982; Pal, 1983). The BRs for both
cases are given by
BR(li → ljγ)
BR(li → lj ν¯jνi) =
25α
768G2Fπ
∣∣(Y∆†Y∆)ij ∣∣2
M4∆
,
BR(l−i → l+j l−k l−m)
BR(li → lj ν¯iνj) = (1 + δkm)
|Y∆ij |2|Y∆km|2
G2FM
4
∆
. (3.38)
Taking into account the bounds in Table II, one can
use the above expressions to constrain combinations of
the couplings Y∆, namely,
∣∣(Y∆†Y∆)ij ∣∣ ≃ 1.9× 103( M∆
1TeV
)2√ BR(li → ljγ)
BR(li → lj ν¯jνi) ,
|Y∆ij ||Y∆km| ≃
16.6√
1 + δkm
( M∆
1TeV
)2√BR(l−i → l+j l−k l−m)
BR(li → lj ν¯iνj) .
(3.39)
Note also that the flavor dependence of the BRs on
the neutrino mass and mixing parameters is direct in the
TABLE II Present upper bounds for the branching ratios of
flavor-violating charged-lepton decays lj → liγ and li → ljlklk
(j, k 6= i) and the µ-e conversion rate in titanium (Ti).
µ→ eγ 2.4× 10−12 (Adam et al., 2011)
τ → µγ 4.4× 10−8 (Aubert et al., 2010)
τ → eγ 3.3× 10−8 (Aubert et al., 2010)
µ− → e+e−e− 1.0× 10−12 (Bellgardt et al., 1988)
τ− → µ+µ−µ− 3.2× 10−8


(Hayasaka et al., 2010)
τ− → e+e−e− 3.6× 10−8
τ− → e+µ−µ− 2.3× 10−8
τ− → e−µ+µ− 4.1× 10−8
τ− → µ+e−e− 2.0× 10−8
τ− → µ−e+e− 2.7× 10−8
µ→ e in Ti 4.3× 10−12 (Dohmen et al., 1993)
sense that Y∆ = M∆mν/(µv
2) [see Eq. (2.39)]. There-
fore the way in which the rates of LFV decays depend
on the neutrino parameters is model independent. In or-
der to eliminate the dependence on v, µ, and M∆, it is
convenient to define ratios of BRs such as
Rτj ≡ BR(τ → ljγ)
BR(µ→ eγ) =
∣∣∣∣∣ (m†νmν)τj(m†νmν)µe
∣∣∣∣∣
2
BR(τ → lj ν¯jντ ) .
(3.40)
and
Rˆτjki ≡
BR(τ− → l+j l−k l−i )
BR(µ→ 3e)
=
2
1 + δki
∣∣∣∣ (mν)τj(mν)ki(mν)µe(mν)ee
∣∣∣∣2 BR(li → lj ν¯jνi) .
(3.41)
Using now the parametrization for mν shown in
Eq. (2.36), and taking into account the definitions (3.3),
one can see that the quantities Rij do not depend
on the Majorana phases α1,2 and the lightest neutrino
mass (Joaquim and Rossi, 2007a; Rossi, 2002). In con-
trast, the ratios Rˆτjki may depend on all neutrino pa-
rameters (Chun et al., 2003).
The dependence of BR(li → ljγ) on the neutrino pa-
rameters is (Joaquim, 2009, 2010)
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FIG. 12 Allowed regions for Rτµ (upper plots) and Rτe (lower plots) defined in Eqs. (3.40) and (3.42) as a function of s13 and
δ, for both the NO (left plots) and the IO (right plots) neutrino mass spectra. In dark (light) shading we show the 3σ (best-fit)
allowed regions obtained by varying the CP-violating phase δ in the interval [0, 2π] and using the neutrino data displayed in
Table I. The solid, dashed, and dash-dotted lines delimit the 3σ region for δ = 0, δ = π, and δ = π/4, respectively. Adapted
from (Joaquim, 2010).
BR(µ→ eγ) ∝ c213
[
r2c223 sin
2(2θ12) + a
2s213s
2
23 + a|r|s13 cos δ sin(2θ12) sin(2θ23)
]
,
BR(τ → eγ) ∝ c213
[
r2s223 sin
2(2θ12) + a
2s213c
2
23 − a|r|s13 cos δ sin(2θ12) sin(2θ23)
]
,
BR(τ → µγ) ∝ { 4|r|s13 cos δ sin(2θ12) cos(2θ23) + [2 b c213 − |r|(cos(2θ23)− 3) cos(2θ12)] sin(2θ23) }2
+16 r2s213 cos δ sin(2θ12) sin(2θ23) . (3.42)
These expressions are valid for both the NO and IO
neutrino mass spectra with a and b defined as
NO : a = 2 (1− |r|s212) ≃ 2 , b = −2 + |r| ≃ −2 ,
IO : a = −2 (1 + |r|s212) ≃ −2 , b = 2+ |r| ≃ 2 ,
(3.43)
and the parameter r given in Eq. (3.1).
From the above equations, one can immediately con-
clude that the ratios Rτj depend on the lepton mixing
angles, the Dirac CP phase δ, and the ratio r. Taking
into account the present neutrino data summarized in
Table I, one can study the dependence of Rτj on θ13 and
δ. This is shown in Fig. 12 where Rτµ (top panels) and
Rτe (bottom panels) are shown for the NO (left panels)
and IO (right panels) neutrino mass spectra. From this
figure, it is evident that the impact of δ on Rτj can be
significant for s13 ∼ 10−2. In particular, a flavor sup-
pression may occur in the τµ and τe channels in the
CP-conserving cases. This may be have profound impact
on the LFV predictions of the type II seesaw (Joaquim,
2009; Joaquim and Rossi, 2007a).
As already mentioned, in the type II seesaw framework,
the three-body LFV charged-lepton decay rates may also
depend on the neutrino mass scale and the Majorana
CP phases. In some cases, this is not true though. For
instance, for a HI neutrino mass spectrum and θ13 =
δ = 0, the BRs of the decays µ− → e+e−e− and τ− →
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FIG. 13 Density plot of the ratio Rτµµµ defined in Eq. (3.41)
as a function of the Majorana phases α1,2 for a QD neutrino
mass spectrum with m0 = 0.1 eV, s13 = 0.1, and δ = π/2.
e+e−e− depend on the neutrino mixing parameters as
BR(µ− → e+e−e−) ∝ r2c212 c223 s612 ,
BR(τ− → e+e−e−) ∝ r2c212 s223 s612 , (3.44)
leading to Rτeee ≃ tan2 θ23 BR(τ → eντ ν¯e) ≃ 0.17.
Therefore, in this specific case, the observation of the
τ− → e+e−e− decay in the near future would exclude a
scenario where these decays occur due to the exchange of
the scalar triplet which gives rise to neutrino masses, for
any value of the Majorana phases. This is not the case
for the IH neutrino spectrum for which
BR(µ− → e+e−e−) ∝ c212s212c223 sin2(α1/2)
× [1− sin2(2θ12) sin2(α1/2)] ,
(3.45)
for θ13 = δ = 0 and at zero order in r. This expression ex-
hibits a strong dependence on the (only) Majorana phase
α1. In Fig. 13, we show the dependence of the ratioRτµµµ
on the Majorana phases α1,2 for s13 = 0.1, δ = π/2 (large
Dirac CP violation), and a QD neutrino mass spectrum
(m0 ≃ 0.1 eV). The density plot of log10(Rτµµµ) shows
that, depending on the values of α1 and α2, Rτµµµ can
change by several orders of magnitude.
If the neutrino mass mediators are very heavy, their
direct effect on LFV processes becomes irrelevant. Still,
they can participate indirectly on the generation of new
LFV terms, as may happen in supersymmetric versions
of the seesaw mechanism (Borzumati and Masiero, 1986;
Rossi, 2002), when renormalizable Yukawa interactions
involving the heavy and SM fields induce, through renor-
malization, LFV soft supersymmetry (SUSY) breaking.
This scenario has been the subject of a large number of
studies (Raidal et al., 2008). In the SUSY type I seesaw,
singlet neutrino superfields Ni with massesMi are added
to the minimal supersymmetric standard model (MSSM)
superfield content, in such a way that the superpoten-
tial W is just W = WMSSM + Y
νNLH2 +
1
2 MiNiNi,
where L and H2 are the lepton and Higgs superfields,
respectively. Considering (flavor-blind) universal bound-
ary conditions for the soft SUSY-breaking terms at a
scale Λ > Mi, LFV terms may be generated at lower
scales due to renormalization group effects induced by
the presence of Yν (Borzumati and Masiero, 1986). In
particular, in the simplest case in which only the LFV ef-
fects induced in the left-handed scalar sector are relevant,
the soft SUSY-breaking terms L˜m2
L˜
L˜ are such that
(m2
L˜
)ij ≃ −3m
2
0 +A
2
0
8π2
(Yν†Yν)ij ln
Λ
M
, (i 6= j) ,
(3.46)
where m0 and A0 are the universal SUSY-breaking soft
mass and trilinear parameters at the scale Λ. For sim-
plicity, we have taken in the above expression a common
mass M for all the heavy Majorana neutrinos. The exis-
tence of LFV entries in the slepton masses (m2
L˜
)ij opens
the window for the LFV processes discussed above at
the loop level. For the specific case of radiative charged-
lepton decays,
BR(li → ljγ) ≃ 48π
3α
G2F
|Cij |2 tan2β BR(li → ljνiν¯j) ,
(3.47)
where the coefficients Cij encode the LFV dependence
of the rates. Taking a common mass mS for the SUSY
particles in the loops, one has
Cij ∼ g
2
2
16π2
(m2
L˜
)ij
m4S
, (i 6= j = e, µ, τ) . (3.48)
It is straightforward to see that the rates of the LFV
processes depend on a combination of couplings which is
different from the one which appears in the neutrino mass
matrix. Therefore, as in the case for the low-energy see-
saw discussed above, a model-independent reconstruction
of (Yν
†
Y
ν)ij is not possible from low-energy data. For
instance, it has been recently shown that the Cij coeffi-
cients are not as sensitive to the unknown mixing angle
θ13 as previously advocated (Casas et al., 2011). In other
words, the way that the SUSY LFV terms depend on the
neutrino parameters in the SUSY type I seesaw mecha-
nism is not model independent. Nevertheless, it can be
shown that the phases entering in the neutrino mixing
matrix may have a strong impact in LFV processes (Pet-
cov and Shindou, 2006) and the electric dipole moments
of charged leptons (Ellis et al., 2002; Farzan and Peskin,
2004; Joaquim et al., 2007; Masina, 2003).
In the case of the SUSY type II seesaw, the left-handed
LFV soft scalar masses are given by (Rossi, 2002)
(m2
L˜
)ij − 9m
2
0 + 3A
2
0
8π2
(Y∆†Y∆)ij ln
Λ
M∆
, (3.49)
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where Y∆ are the couplings of the triplet with the lep-
ton superfields andM∆ the triplet mass. Note that, since
the effective neutrino mass matrix mν is again propor-
tional to Y∆, the ratios of BRs defined in Eq. (3.40) are
still valid in the SUSY case. In particular, the predic-
tions shown in Fig. 12 also hold in the present case. The
same is not true for three-body decays and µ-e conversion
in nuclei which, in the MSSM, are induced at one loop
due to the presence of LFV soft SUSY-breaking terms
like (m2
L˜
)ij . Consequently, the rates for these processes
will be also independent from the Majorana phases and
the lightest neutrino mass (Joaquim and Rossi, 2007a).
In general, this is valid in all cases with LFV in the
soft SUSY-breaking sector induced by the couplings Y∆,
as in the universal boundary condition limit (Joaquim,
2009, 2010; Rossi, 2002), or in the gauge-Yukawa SUSY-
breaking mediation scenario (Joaquim and Rossi, 2006,
2007b). It has also been shown that, in a type II seesaw
scenario with neutrino masses generated from Ka¨hler ef-
fective terms, the same relation of LFV processes and
neutrino data is obtained (Brignole et al., 2010a,b).
In the previous examples, the CP phases affecting the
LFV rates are those that can be potentially measured in
neutrino experiments. However, it is well known that
it is possible to probe on CPV in the leptonic sector
by adopting an effective Lagrangian approach to extract
some information on the CP-violating structure of the
LFV effective operators (de Gouvea et al., 2001; Okada
et al., 2000; Treiman et al., 1977; Zee, 1985). For in-
stance, this can be achieved by measuring the polariza-
tion of the final-state particles in µ → eγ (Ayazi and
Farzan, 2009; Farzan, 2007) and µ-e conversion in nu-
clei (Davidson, 2008). Similar conclusions can be drawn
if one performs a spin measurement of the more energetic
positron in the final state of µ+ → e+e−e+. Although
such studies could shed some light on the CP-violating
structure of the effective Lagrangian, the origin of such
effects would be hardly identifiable, since their connec-
tion with CP violation in neutrino oscillations is diffi-
cult to establish without further theoretical assumptions.
Still, it is undeniable that detecting such CPV effects in
LFV processes could be a powerful tool for discriminat-
ing BSM scenarios in which the LFV effective operators
arise.
E. Impact of LCPV at colliders
High-energy accelerators like the LHC may also pro-
vide valuable information about the neutrino mass gen-
eration mechanism. In particular, if the neutrino mass
mechanism operates at scales not far from the elec-
troweak scale, then new phenomena can manifest in col-
liders. Most of the research performed in this direction
concerns the study of new signals, which result from de-
cays of the seesaw mediators (del Aguila and Aguilar-
Saavedra, 2009; Akeroyd et al., 2008; Bajc et al., 2007;
Han et al., 2005; Kadastik et al., 2008). Although these
decays do not lead to explicit CPV effects, the presence
of CPV phases affects the decay rates, since the couplings
of the SM particles to the seesaw mediators depend on
the phases α1,2 and δ of the lepton mixing matrix U.
The connection between LCPV, collider processes, and
neutrino oscillation experiments is not straightforward
to establish. In particular, in the case of the type I
(III) seesaw, it is not possible to reconstruct in a model-
independent way the couplings of the fermion singlets
(triplets) with the Higgs and charged-lepton fields. How-
ever, the situation changes in the type II seesaw since,
as mentioned, the couplings of the scalar triplet ∆ with
the lepton doublets have the same flavor structure as the
effective neutrino mass matrix. In this framework, if the
triplet mass is close to the electroweak scale, ∆ may be
produced in high-energy collisions. More specifically, the
production of its doubly-charged Higgs component oc-
curs via the Drell-Yan process qq¯ → γ∗Z∗ → ∆++∆−−,
and also (subdominantly) by photon-photon fusion γγ →
∆++∆−−. Provided the triplet VEV is small enough,
the decays of ∆±± → l±l± are dominant over ∆++ →
∆+∆+, ∆++ → ∆+W+ and ∆++ → W+W+. In this
case, the decay of the ∆±± pair into four charged leptons
gives a very clear signature, which is almost free of any
SM background (del Aguila and Aguilar-Saavedra, 2009;
Han et al., 2005).
Assuming that neutrino masses are generated through
the exchange of ∆, the decay rate of ∆±± → l±i l±j is pro-
portional to |(mν)ij |2, which is sensitive to the LCPV
phases. The branching ratios BR∆ij ≡ BR(∆±± →
l±i l
±
j ) are simply given by
BR∆ij =
2
1 + δij
∑
k |mkUikUjk|2∑
nm
2
n
, (3.50)
where δij is the Kronecker symbol, introduced to ac-
count for the decays into charged leptons of the same
flavor. The term in the denominator is
∑
pm
2
p = 3m
2
0 +
∆m221 + ∆m
2
31 for a NO neutrino mass spectrum, and∑
pm
2
p = 3m
2
0 + ∆m
2
21 + 2|∆m231| for an IO one. The
above BRs depend exclusively on the lepton mixing an-
gles, CPV phases and the neutrino masses. In some spe-
cific limits, very simple relations can be obtained. In
particular, in the HI case (NO with m0 = 0), and taking
θ13 = 0 one has
BRHI∆ee =
rs412
1 + r
,
BRHI∆µe =
rc223 sin
2(2θ12)
2 (1 + r)
,
BRHI∆µµ =
rc412c
4
23 + s
4
23 + 2
√
r c212c
2
23s
2
23 cosα21
1 + r
. (3.51)
Note that, in this particular case, the e±e± and µ±e±
decays are suppressed by the parameter r ≪ 1. More-
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over, only the µ±µ± channel is sensitive to leptonic
CPV effects associated with the Majorana-phase differ-
ence α21 = α2−α1 (the decays into µ±τ± are also sensi-
tive to α21). In the IH limit (IO with m0 = 0) the above
BRs are instead approximately given by
BRIH∆ee ≃
1
2
(
s412 + c
4
12 + 2 c
2
12s
2
12 cosα1
)
,
BRIH∆µe = sin
2(2θ12) c
2
23 sin
2 α1
2
,
BRIH∆µµ ≃ c423 BRIH∆ee. (3.52)
As for the QD case (m0 ≫ ∆m231), the following relations
hold:
BRQD∆ee(µ) ≃
2
3
BRIH∆ee(µ) ,
12BRQD∆µµ = c
4
23
[
3 + cos(4θ12) + 2 sin
2(2θ12) cosα1
]
+ 4s423 + 2(c
2
12 cosα21 + s
2
12 cosα2) sin
2(2θ23) .
(3.53)
The above results hold in the simple limits of HI, IH
and QD neutrino masses with θ13 = 0. A complete study
including the dependence on the lightest neutrino mass
and CPV phases can be found in (Garayoa and Schwetz,
2008). The possibility of extracting information on the
Majorana phases from the doubly-charged Higgs decays
into leptons has been addressed in (Akeroyd et al., 2008)
and the connection with neutrinoless double beta decay
in (Petcov et al., 2009). In particular, it has been shown
that it is possible to extract some information about m0
and α1,2 from BRee, BRµµ, and BReµ.
In Fig. 14, we show how BR∆ee (top panel), BR∆µe
(center panel), and BR∆µµ (bottom panel) depend on
the Majorana phases α1,2, for the specific case δ = π/2,
s13 = 0.1 and a QD neutrino mass spectrum with m0 =
0.1 eV. The results show that the rates for the decays
of the triplets into leptons are considerably affected by
the Majorana phases α1,2. In particular, one can see
from these plots that BR∆µe tends to be suppressed when
BR∆ee and BR∆µµ are larger.
F. Nonunitarity effects in the lepton sector
Searches for deviations from unitary mixing are a sen-
sitive probe of physics beyond the SM. In the quark sec-
tor, several studies have been carried out in the direction
of finding possible deviations from the unitarity of the
CKM matrix. Similarly, nonunitarity (NU) effects may
occur in the lepton sector in the presence of BSM physics.
This is the case if, for instance, new states with mass far
above the electroweak scale are added to the SM particle
content. Probably the best example of such a frame-
work is the seesaw mechanism described in Sec. III.E.
In the type I version, the mass matrix is extended to a
(3+nR)×(3+nR) form, where nR is the number of heavy
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α
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FIG. 14 Variation of BR∆ee (top), BR∆µe (center), and
BR∆µµ (bottom) in the α1-α2 parameter space for a quaside-
generate neutrino mass spectrum with m0 = 0.1 eV, s13 =
0.1, and δ = π/2. The remaining neutrino parameters are
taken at the best-fit values of the STV analysis (see Table I).
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right-handed neutrinos with typical massM ≫ v. In this
case, the NU of the lepton mixing matrix stems from the
fact that this matrix is now a sub-block of a larger unitary
one, since the complete theory has to respect probability
conservation (Schechter and Valle, 1980). After the de-
coupling of these states, an effective dimension-six oper-
ator of the type (ℓ¯φ˜)i∂/ (φ˜†ℓ)/M2 is generated (Broncano
et al., 2003) which induces a contribution to the neutrino
kinetic energy, suppressed by v2/M2, upon electroweak
symmetry breaking. Therefore, a field redefinition is de-
manded to bring back the kinetic term to its canonical
form. This, in turn, introduces NU mixing in the charged
and neutral current Lagrangian terms.
In the conventional type I seesaw, the NU effects are
too small to be observed. Nevertheless, this may not be
the case in alternative realizations like the inverse see-
saw (Gonzalez-Garcia and Valle, 1989; Mohapatra and
Valle, 1986), in which the effect of the mass suppres-
sion can be alleviated without prejudice of the small-
ness of neutrino masses. In other words, in this scenario
the effective dimension-five operator responsible for the
suppression of neutrino masses can be somehow decou-
pled from the dimension-six one, allowing at the same
time not too small NU effects so that interesting new
phenomenology may appear (Deppisch et al., 2006; Dep-
pisch and Valle, 2005; Dev and Mohapatra, 2010; Malin-
sky et al., 2009a,b). Similar effects arise in other mod-
els with large light-heavy neutrino mixing (Nardi et al.,
1995; Tommasini et al., 1995), and in scenarios with ex-
tra dimensions where the mixing of Kaluza-Klein modes
with the light neutrinos may induce NU effects (Bhat-
tacharya et al., 2009; Branco et al., 2003b; De Gouvea
et al., 2002). Another possible source of nonunitarity
arises from loop corrections to the charged-lepton or neu-
trino self-energies (Bellazzini et al., 2011) which modify
the corresponding kinetic terms, thus inducing NU ef-
fects. There can also be direct corrections to the lepton
mixing matrix U.
In studying NU effects in the lepton sector, a model-
independent approach can be adopted such that the
sources of NU are not specified. In particular, we fo-
cus here on a framework called minimal unitarity vio-
lation (MUV), in which NU sources are allowed only in
neutrino Lagrangian terms and three light neutrinos are
considered (Antusch et al., 2006). Under these assump-
tions, the mass and flavor neutrino eigenstates are related
by a nonunitary 3× 3 matrix N such that να = Nαkνk.
In the corresponding mass basis, the charged and neutral
current Lagrangian terms become (Schechter and Valle,
1980)
LCC = − g√
2
(
W+µ l¯αγµPLNαkνk +H.c.
)
, (3.54)
LNC = − g
cos θW
[
Zµν¯kPL(N
†
N)kjνj +H.c.
]
. (3.55)
These modifications give rise to new effects in several
physical phenomena such as neutrino oscillations, univer-
sality tests and electroweak decays, which can be used to
test unitarity in lepton mixing. In this direction, detailed
analysis have been performed in the literature with the
goal of quantifying the deviations from unitarity of N,
taking into account several physical processes. In the fol-
lowing, we briefly review the main conclusions of those
studies.
1. Neutrino oscillations with NU
In the presence of NU, the neutrino flavor and mass
eigenstates cannot be simultaneously orthogonal. As a
consequence, the oscillation probabilities να → νβ, as a
function of the distance L travelled by neutrinos, now
read (Czakon et al., 2001)
Pαβ =
∣∣∑
kNβk e
−iEkLN∗αk
∣∣2
(NN†)αα(NN†)ββ
, (3.56)
which reduces to Eq. (3.8) in the limit of a unitary N.
An immediate consequence of the above result is that
a flavor transition is possible at zero distance (L = 0)
before oscillations (Langacker and London, 1988a), with
a transition probability
Pαβ(L = 0) =
∣∣(NN†)βα∣∣2
(NN†)αα(NN†)ββ
6= δαβ . (3.57)
This result can be probed at neutrino oscillation experi-
ments with near detectors. In particular, the data from
NOMAD (Astier et al., 2001), Bugey (Declais et al.,
1995), KARMEN (Declais et al., 1995), and the MI-
NOS (Adamson et al., 2008) near detector impose the
following constraints on NN†:
|(NN†)eα| ≃ (1.00± 0.04, < 0.05, < 0.09) ,
|(NN†)µα| ≃ (< 0.05, 1.00± 0.04, < 0.013) ,
|(NN†)τα| ≃ (< 0.09, < 0.013, ?) , (3.58)
at 90% C.L. (Antusch et al., 2006).
In vacuum, the disappearance oscillation probability is
then given by
Pαα =
3∑
k=1
|Nαk|4 +
3∑
k 6=j=1
|Nαk|2|Nαj |2 cos
∆m2kjL
2E
.
(3.59)
Instead, the oscillation probabilities in matter are mod-
ified with respect to the unitary case since the effec-
tive potential felt by neutrinos is no longer diagonal (del
Aguila and Zralek, 2002; Bekman et al., 2002; Fernandez-
Martinez et al., 2007; Holeczek et al., 2007). In addition,
the NC contribution to the matter potential contributes
to the evolution equation once it cannot be interpreted
as a global phase.
33
Depending on the range of L/E, the above equation
can be simplified and used to constrain the elements of
N (or combinations of them), considering the experi-
mental neutrino oscillation data suitable for each case.
The combined fit of the KamLAND (Araki et al., 2005),
CHOOZ(Apollonio et al., 2003), SNO (Ahmad et al.,
2002) and K2K (Ahn et al., 2003) data allow for the fol-
lowing determination of |N| at 90% C.L. (Antusch et al.,
2006)
|Nej | ≃ (0.75− 0.89, 0.45− 0.66, < 0.34) ,
|Nµ1|2 + |Nµ2|2 = 0.57− 0.86 ,
|Nµ3| ≃ 0.57− 0.86 , (3.60)
where |Ne2| and |Ne1| are determined by the SNO and
KamLAND data (combined with the others), respec-
tively, and |Ne3| is constrained by CHOOZ. On the other
hand, atmospheric and accelerator experiments do not
allow for a discrimination between |Nµ1|2 and |Nµ2|2.
Nevertheless, these two quantities can be disentangled
taking into account the constraints shown in Eq. (3.58),
leading to the final result
|Nej | ≃ (0.75− 0.89, 0.45− 0.66, < 0.27) ,
|Nµj | ≃ (0.00− 0.69, 0.22− 0.81, 0.57− 0.85) . (3.61)
The absence of constraints for the elements in the third
row of N is due to the lack of ντ oscillation signals.
2. NU constraints from electroweak decays
It has been known for quite a long time that nonunitar-
ity of the leptonic mixing matrix induced by light-heavy
neutrino mixing can manifest itself in tree-level processes
like π, W , and Z decays (Korner et al., 1993; Langacker
and London, 1988b; Nardi et al., 1992, 1994), in rare
charged-lepton decays lj → liγ, lj → 3lj, lj → lililk,
and µ-e conversion in nuclei (Ilakovac and Pilaftsis, 1995;
Langacker and London, 1988a; Tommasini et al., 1995).
The interest on this subject has been recently revived in a
series of works, where the constraints on NU effects in the
lepton sector have been analyzed, considering the above
electroweak processes in view of the most recent exper-
imental data (Abada et al., 2007, 2008; Antusch et al.,
2009, 2006).
In the MUV framework, W → lανα and invisible Z
decays lead to the conditions
(NN†)αα√
(NN†)ee(NN†)µµ
= fα , (3.62)∑
αβ |(NN†)αβ |2√
(NN†)ee(NN†)µµ
= 2.984± 0.009 , (3.63)
respectively, with fe,µ,τ = (1.000 ± 0.024, 0.986 ±
0.028, 1.002± 0.032). On the other hand, from charged-
lepton decays lα → lβ γ, one can write
|(NN†)αβ |2√
(NN†)αα(NN†)ββ
=
96π
100αem
BR(lα → lβγ)
BR(lα → ναlβ ν¯α) .
(3.64)
The present experimental limits on the branching ra-
tios entering the above expression are shown in Table II.
The combination of constraints coming from electroweak
decays leads then to the following limits5 for |NN†|:
|NN†| ≈
 1.002 ± 0.005 < 7.2× 10−5 < 8.8× 10−3< 7.2× 10−5 1.003 ± 0.005 < 10−2
< 8.8× 10−3 < 10−2 1.003 ± 0.005
 .
(3.65)
In conclusion, data from weak decays provide strong
constraints on the unitarity of the lepton mixing matrix,
which is satisfied at the percent level. The improvement
of the limits on the rare charged-lepton decays will fur-
ther improve the bounds on leptonic NU effects. More-
over, future precision measurements performed in neu-
trino oscillation facilities will certainly play a crucial role
in testing unitarity in the lepton mixing. It is also worth
emphasizing that the above conclusions were drawn tak-
ing MUV as a reference framework in the analysis of
lepton NU. If one goes beyond this simple scenario and
considers particular cases with NU effects due to new
physics, then other constraints may arise. For instance,
if fermion triplets are added to the SM particle content,
as in the type III seesaw mechanism, decay processes like
lj → lilklk (cf. Table II) or µ-e conversion in nuclei
are possible at tree level. Consequently, the constraints
imposed on the NU of the lepton mixing matrix become
stronger in this case when compared with the MUV ones.
In particular, from the present bound on the µ-e conver-
sion rate, one obtains |(NN†)eµ| < 1.7× 10−7. Further-
more, the |(NN†)eτ | and |(NN†)µτ | bounds are also im-
proved down to the level of ∼ 10−3 when considering the
experimental bounds on the τ → 3l rates (Abada et al.,
2008).
3. Nonunitarity and leptonic CPV
In analogy with the quark sector, the observation of
LCPV would automatically raise the question on whether
this signal can be explained within a minimal framework
in which the only source of CPV in neutrino oscillations
is the Dirac phase δ. This could not be the case if lep-
ton mixing is nonunitary. For instance, in the previously
discussed MUV framework, three extra phases in the lep-
tonic mixing matrix N act as new sources of LCPV. At
5 We report here the result obtained in (Antusch et al., 2006),
improved by considering the most recent BABAR bounds on the
radiative τ decays shown in Table II. In practice, this only affects
the limits on |(NN†)τµ| and |(NN†)τe| [see Eq. (3.64)].
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present, these phases are not bounded by the available
neutrino oscillation and electroweak data. Although the
MUV is a representative scenario of NU in the lepton
sector, it has been shown that there is room for consid-
erable new CPV effects even in such a limited frame-
work (Altarelli and Meloni, 2009; Fernandez-Martinez
et al., 2007).
Following the notation of (Fernandez-Martinez et al.,
2007), one can parametrize deviations from unitarity by
writing N = (1 + η)U, where η is a Hermitian matrix
containing nine new parameters (six moduli and three
phases). The bounds on ηαβ can be easily obtained
from the ones on NN† considering that (NN†)αβ ≃
δαβ +2ηαβ (Fernandez-Martinez et al., 2007). The main
question is then how much room do these possible de-
viations from unitarity leave for the observation of non-
standard CP violation in neutrino oscillations. In or-
der to understand this, one has to write the transition
probabilities Pαβ and CP asymmetries Aαβ ≡ (Pαβ −
P¯αβ)/(Pαβ + P¯αβ) in the MUV framework (Altarelli and
Meloni, 2009; Fernandez-Martinez et al., 2007; Goswami
and Ota, 2008), which will receive new contributions from
ηαβ ≡ ηαβeiθαβ , where θαβ are the new CP-violating
phases.
In the MUV framework, the golden channel asymme-
tries Aeµ do not deviate significantly from the standard
unitary case due to the strong bounds on ηeµ. Since the
new physics effects are already constrained to be small
in this case, the above channel is probably the most ap-
propriate for a clean determination of lepton mixing pa-
rameters. On the other hand, the transition probabilities
and their corresponding asymmetries for the remaining
oscillation channels may be considerably affected by new
physics effects. For instance, for µτ oscillations (Altarelli
and Meloni, 2009; Fernandez-Martinez et al., 2007)
Aµτ ≃ ASMµτ − 4ηµτ cot∆31 sin δµτ , (3.66)
where ASMµτ is the CP asymmetry in the standard unitary
scenario, which is typically O(10−3), while the new con-
tribution proportional to ητµ can be as large as ∼ 10−1.
In Fig. 15, we show the behavior of the CP asymmetries
Aαβ as a function of the Dirac CP phase δ [panels (a)
to (c)] for s13 = 0.1 and several experimental setups (see
the figure caption for more details). The parameters ηαβ
are varied in their allowed intervals and the phases δαβ
are kept free. From Fig. 15a it is apparent the small
impact of the new physics effects on Aeµ in the MUV
framework. One should, however, keep in mind that in a
more general picture with other new physics effects, the
deviations with respect to the standard unitary scenario
could be more significant. As for the µτ and eτ asym-
metries, the NU effects can be quite dramatic, as illus-
trated in Figs. 15b and 15c, where the solid lines indicate
the result in the unitary case for which ηαβ = 0. This
analysis shows that the new physics effects are more pro-
nounced for the facilities with the smallest L/E, which
makes neutrino factories with small baselines and large E
more appropriate for the detection of new physics effects
in νµ → ντ (Goswami and Ota, 2008).
The standard unitary picture for LCPV would be au-
tomatically disproved in case one or more asymmetries
are not compatible with their bounds. If indeed the neu-
trino mixing and LCPV patterns are described by a uni-
tary matrix, then the trajectory spanned by a pair of
asymmetries is a well-defined line which is obtained by
varying the value of δ. Therefore, in the standard uni-
tary scenarios, any pair of measured asymmetries should
fall in the corresponding line. Once one considers the
MUV framework, the allowed space is enlarged outside
these lines. This is shown in Fig. 15d, where Aeτ is plot-
ted against Aeµ (the least affected asymmetry), varying
the MUV parameters in their allowed ranges. From this
plot, one clearly distinguishes the closed line which cor-
responds to the case in which ηαβ = 0. Moreover, it is
clear that the deviations to the standard unitary limit
allowed by the present bounds on the MUV parameters
are quite significant. One should also keep in mind that
these results have been obtained in the MUV scenario,
in which the new physics effects are pretty much con-
strained. Larger deviations to the standard unitary case
could be observed in other frameworks with a wider al-
lowed range for Aeµ. Moreover, one should also take
into account the experimental accuracy in the determi-
nation of the asymmetries, and the impact of the de-
generacies discussed in Sec. III.B.3, which can make the
task of testing the standard LCPV framework more dif-
ficult (Altarelli and Meloni, 2009; Fernandez-Martinez
et al., 2007; Goswami and Ota, 2008). In particular, it
has been shown that deviations from the standard picture
of LCPV could be established with a modest precision,
when considering the uncertainties on the Aαβ asymme-
tries. This has been confirmed for a particular NF setup
with detectors at L = 1500 km (Altarelli and Meloni,
2009) and E = 50GeV.
IV. LEPTONIC CP VIOLATION AND THE ORIGIN OF
MATTER
If we take for granted that inflation (Linde, 2008) took
place in the early Universe, any primordial cosmological
charge asymmetry would have been exponentially wiped
out during the inflationary period. Thus, rather than
being an initial accidental state, the observed dominance
of matter over antimatter should be dynamically gener-
ated. In 1967, more than a decade before inflation was
put forward and just three years after the discovery of
CP violation in the KL → 2π decays, Sakharov realized
the need for generating the baryon asymmetry through
a dynamical mechanism. Three necessary ingredients to
create a baryon asymmetry from an initial state with
a baryon number equal to zero were formulated in his
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FIG. 15 (a) to (c) Scatter plots for |Aeµ|, |Aµτ | and |Aeτ |, respectively, as a function of the Dirac phase δ. The neutrino
parameters are fixed at s13 = 0.1, s
2
12 = 1/3, θ23 = π/4, ∆m
2
21 = 8× 10
−5 eV2, and ∆m231 = 2.4 × 10
−3 eV2. The results are
presented considering several experimental setups, namely, HEβB (high-energy beta beam with E = 1GeV and L = 732 km),
the upgraded T2K, T2HK (E = 0.75GeV and L = 295 km), the CERN superbeam project SPL (E = 0.3GeV and L =
130 or 732 km), and neutrino factories (NF@L) with E = 35 and 30GeV in panels (b) and (c), respectively. (d) Aeτ as a
function of Aeµ considering a baseline L = 1500 km and E = 30GeV. The neutrino parameters are the same as in the previous
panels. In all cases, the MUV parameters are varied in their allowed ranges and the solid lines correspond to the standard
unitary limit. From (Altarelli and Meloni, 2009).
work (Sakharov, 1967)6: (i) baryon number violation, (ii)
C and CP violation, (iii) departure from thermal equilib-
rium.
The need for B violation is somehow obvious. If B
is conserved by the interactions, and our Universe is ini-
tially symmetric (B = 0), then no baryon production may
take place. Indeed, since the baryon number commutes
with the Hamiltonian H, i.e. [B,H] = 0, at any time one
has B(t) =
∫ t
0
[B,H] dt′ = 0. Thus, if B is conserved,
the present asymmetry can only reflect asymmetric ini-
tial conditions. In grand unified theories, quarks and
leptons are unified in the same multiplets, thus baryon
number violation mediated by gauge bosons and scalars
6 Sakharov did not enunciate these conditions as clearly as they are
traditionally presented. The three key assumptions in his seminal
paper “Violation of CP-invariance, C asymmetry, and baryon
asymmetry of the Universe” are now known as the Sakharov
conditions.
is natural. In the SM, however, the baryon number and
the lepton flavor numbers (Le,µ,τ ) are accidentally con-
served, and it is not possible to violate these symmetries
at any perturbative level. Nevertheless, due to the chi-
ral anomaly, nonperturbative instanton effects may give
rise to processes that violate (B + L) while conserving
(B − L) (’t Hooft, 1976a,b) . Although exponentially
suppressed at zero temperature, such configurations, of-
ten referred to as sphalerons (Klinkhamer and Manton,
1984), are frequent in the early Universe, at temperatures
above the electroweak phase transition (Kuzmin et al.,
1985).
The second Sakharov condition, namely, the violation
of C and CP symmetries, is more subtle. The baryon
number operator,
Bˆ =
1
3
∑
i
∫
d3x : ψ†i (x, t)ψi(x, t) :, (4.1)
where ψi(x, t) denotes the quark field of flavor i and the
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colons represent the normal ordering, is C odd and CP
odd. This can easily be seen by recalling how the C,
P , and T operators act on the quark fields. Using the
standard phase convention,
Pψi(x, t)P
−1 = γ0ψi(−x, t),
Pψ†i (x, t)P
−1 = ψ†i (−x, t)γ0,
Cψi(x, t)C
−1 = iγ2ψ†i (x, t),
Cψ†i (x, t)C
−1 = iψi(x, t)γ2,
Tψi(x, t)T
−1 = −iψi(x,−t)γ5γ0γ2,
Tψ†i (x, t)T
−1 = −iγ2γ0γ5ψ†i (x,−t).
(4.2)
Thus,
P : ψ†i (x, t)ψi(x, t) : P
−1 =: ψ†i (−x, t)ψi(−x, t) :,
C : ψ†i (x, t)ψi(x, t) : C
−1 = − : ψ†i (x, t)ψi(x, t) :,
T : ψ†i (x, t)ψi(x, t) : T
−1 =: ψ†i (x,−t)ψi(x,−t) :,
(4.3)
and one obtains
CBˆC−1 = −Bˆ, (CP )Bˆ(CP )−1 = −Bˆ,
(CPT )Bˆ(CPT )−1 = −Bˆ. (4.4)
If C is conserved, then [C,H] = 0 and from the time
evolution of Bˆ and Eq. (4.4) one concludes
〈Bˆ(t)〉 = 〈eiHtBˆ(0)e−iHt〉 = 〈C−1eiHtCBˆ(0)C−1e−iHtC〉
= −〈eiHtBˆ(0)e−iHt〉 = −〈Bˆ(t)〉. (4.5)
Therefore, a nonzero expectation value 〈Bˆ〉 requires that
the Hamiltonian violates C. The same arguments apply
to the CP symmetry.
Finally, the third Sakharov requirement can be un-
derstood as follows. In thermal equilibrium, thermal
averages are described by the density operator ρ =
exp(−βH), with β = 1/T . If the Hamiltonian is CPT
invariant, using Eq. (4.4) it then follows
〈Bˆ〉T = Tr(e−βHBˆ) = Tr[(CPT )(CPT )−1e−βHBˆ]
= Tr[e−βH(CPT )−1Bˆ(CPT )] = −Tr(e−βHBˆ)
= −〈Bˆ〉T , (4.6)
i.e. 〈Bˆ〉T = 0 in thermal equilibrium. In other words,
in thermal equilibrium the rate for a given process that
produces an excess of baryons is equal to the rate of its
corresponding inverse process, so that no net asymmetry
can be generated since the inverse process destroys the
baryon excess as fast as the direct process creates it. De-
parture from thermal equilibrium is very common in the
early Universe, when interaction rates cannot keep up
with the expansion rate. A simple example is provided
by the out-of-equilibrium decay of a heavy particle X
with a mass MX > T at time of decay. In this case, the
rate of the direct process is of order T , while the inverse
decay rate is Boltzmann suppressed ∼ exp(−MX/T ).
The present value of the baryon asymmetry of the Uni-
verse inferred from WMAP 7-year data combined with
baryon acoustic oscillations is (Komatsu et al., 2011)
ηB ≡ nB − nB¯
nγ
= (6.20± 0.15)× 10−10, (4.7)
where nB, nB¯ and nγ are the number densities of baryons,
antibaryons, and photons at present time, respectively7.
The explanation of such a small but nonzero number
poses a challenge to both particle physics and cosmol-
ogy. It is remarkable that the SM contains the three
Sakharov ingredients. Yet not all of them are available
in a sufficient amount. The baryon number is violated
by the electroweak sphaleron processes, which are fast
and unsuppressed in the early Universe. The C sym-
metry is maximally violated by the weak interactions,
and CP is violated by the CKM phase. Nevertheless,
if baryogenesis occurs at the electroweak phase transi-
tion scale Tew ∼ O(100) GeV, the strength of CP vio-
lation, parametrized in the SM by the invariant J CPquark
of Eq. (2.24), seems insufficient to generate the required
value of ηB. The naive estimate J CPquark/T 12ew ∼ 10−20
indicates that at such temperatures electroweak baryo-
genesis (Trodden, 1999) requires new sources of CP vio-
lation.8 Finally, at the electroweak phase transition de-
parture from thermal equilibrium takes place. However,
a successful baryogenesis requires a strongly first order
phase transition, which can occur if the Higgs mass is
rather light, mHiggs . 70 GeV. This value is neverthe-
less well below the present experimental lower bound
mH > 114.4 GeV (Nakamura et al., 2010). Thus, the
explanation of the baryon asymmetry observed in our
Universe requires new physics beyond the SM.
Among the several viable baryogenesis scenarios, lep-
togenesis (Fukugita and Yanagida, 1986) is undoubtedly
one of the simplest, most attractive, and well-motivated
mechanisms. Many aspects of leptogenesis have been
widely discussed in the literature and there are excel-
lent reviews on the subject [see, for instance, (Buchmuller
et al., 2005a,b; Davidson et al., 2008)]. In its simplest re-
alization, new heavy (bosonic or fermionic) particles are
introduced in the theory in such a way that the interac-
tions relevant for leptogenesis are simultaneously respon-
sible for the nonvanishing and smallness of the neutrinos
7 An equivalent definition of the baryon asymmetry is the baryon-
to-entropy ratio YB = (nB − nB¯)/s. The two measures are
related as YB ≈ ηB/7.04.
8 In the cold electroweak baryogenesis scenarios, where baryoge-
nesis takes place at temperatures well below Tew, the strength
of CP violation in the SM may be enough to account for the
observed ηB (Enqvist et al., 2010; Garcia-Bellido et al., 1999;
Krauss and Trodden, 1999; Tranberg et al., 2010).
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masses via the seesaw mechanism. The three Sakharov
conditions are naturally fulfilled in this framework: the
seesaw mechanism requires lepton-number violation and
sphalerons partially convert the lepton asymmetry into a
baryon asymmetry; neutrino complex Yukawa couplings
provide the necessary source of CP violation; and last,
departure from thermal equilibrium is guaranteed by the
out-of-equilibrium decays of the new heavy particles. It
is precisely on these simple thermal leptogenesis scenar-
ios that this section of the review focuses. We do not
aim at covering all the theoretical ideas on leptogenesis
extensively developed over the last years. It is our goal,
instead, to describe the role that leptonic CP violation
may have played in the origin of matter.
A. Leptogenesis mechanisms
In this section, we briefly review the simplest nonsuper-
symmetric leptogenesis scenarios based on the seesaw
mechanism for neutrino masses. As discussed in Sec. II.E,
seesaw models are characterized by the properties of the
exchanged heavy particles. In particular, in type I, type
II and type III seesaw mechanisms, these particles are
SU(3) × SU(2) × U(1)-singlet fermions, SU(2)-triplet
scalars, and SU(2)-triplet fermions, respectively. As it
turns out, thermal leptogenesis can be successfully im-
plemented in each framework. Yet, in general, specific
constraints must be satisfied in order to generate the re-
quired value of the baryon asymmetry.
The baryon asymmetry ηB produced by thermal lepto-
genesis can be obtained by taking into account the sup-
pression factors given by the Sakharov conditions. The
final asymmetry is the result of the rivalry between the
processes that produce it and the washout processes that
tend to erase it. Assuming that after inflation the Uni-
verse reheats to a thermal bath composed of particles
with gauge interactions, the asymmetry can be estimated
as the product of three factors: (the leptonic CP asymme-
try ǫ produced in heavy particle decays)× (an efficiency
factor η due to washout processes in scattering, decays,
and inverse decays) × (a reduction factor due to chemical
equilibrium, charge conservation, and the redistribution
of the asymmetry among different particle species by fast
processes). The computation of each of these factors is
model dependent. In particular, the calculation of the
efficiency factor η (0 ≤ η ≤ 1) requires the solution of a
full set of Boltzmann equations which describe the out-
of-equilibrium dynamics of the processes involving the
heavy particles responsible for leptogenesis. Simple an-
alytical estimates can also be obtained in some specific
regimes (Abada et al., 2006b; Buchmuller et al., 2005a;
Giudice et al., 2004).
Departure from thermal equilibrium is provided by the
expansion of the Universe, characterized by the Hub-
ble expansion rate H(T ) ∼ 1.66g1/2∗ T 2/MP , where g∗
is the number of relativistic degrees of freedom in the
thermal bath (g∗ = 106.75 within the SM) and MP =
1.22×1019 GeV is the Planck mass. Nonequilibrium takes
place whenever a crucial interaction rate becomes smaller
that H so that it is not fast enough to equilibrate parti-
cle distributions. Furthermore, flavor effects can play a
significant role in this process. As first discussed in (Bar-
bieri et al., 2000; Endoh et al., 2004) and more recently
emphasized in (Abada et al., 2006a,b; Nardi et al., 2006;
Pilaftsis and Underwood, 2005), when the interactions
mediated by the charged-lepton Yukawa couplings are in
thermal equilibrium, the flavored leptonic asymmetries
and the Boltzmann equations for individual flavor asym-
metries must be properly taken into account. Since the
time scale for leptogenesis is H−1 and the typical inter-
action rates for the charged-lepton Yukawa couplings yα
are Γα ≃ 10−2y2αT (Cline et al., 1994), interactions in-
volving the τ and µ Yukawa couplings are in equilibrium
for T . 1012 GeV and T . 109 GeV, respectively. Below
these temperature scales the corresponding lepton dou-
blets are distinguishable mass eigenstates and, as such,
should be properly introduced into the Boltzmann equa-
tions.
Since the leptonic CP asymmetries are the relevant
quantities in establishing a link between leptonic CP vi-
olation and the matter-antimatter asymmetry, in what
follows we discuss these quantities in more detail within
each seesaw framework9. Readers interested in a more
complete understanding of the mechanism of leptoge-
nesis are referred, e.g., to the recent pedagogical re-
view (Davidson et al., 2008) and the extensive list of
references quoted therein.
1. Type I seesaw leptogenesis
In the type I seesaw framework, at least two singlet
fermions must be added to the SM particle content to cor-
rectly reproduce the observed neutrino mass square dif-
ferences. The existence of more than one singlet fermion
also turns out to be crucial for the mechanism of thermal
leptogenesis. We consider the SM extended by three sin-
glet fermions Ni (i=1,2,3) with large Majorana masses
Mi. In this case, the relevant Lagrangian interactions
terms are given by Eq. (2.33). Working in the mass eigen-
basis of the heavy neutrinos Ni and the charged leptons
ℓα, the CP asymmetry ǫ
α
i in the lepton flavor α produced
in the Ni decays is given by
9 The main conclusions of this section are expected to remain valid
also in the minimal supersymmetric extension of each frame-
work. Although new decay channels will enhance the generated
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FIG. 16 Diagrams contributing to the CP asymmetry ǫαi in type I seesaw leptogenesis. The last diagram corresponds to
the wave function corrections: the one with an internal ℓβ is lepton flavor and lepton-number violating, while the one with an
internal ℓ¯β is lepton flavor violating but lepton-number conserving, thus giving no contribution to the unflavored CP asymmetry.
ǫαi ≡
Γ(Ni → φℓα)− Γ(Ni → φ† ℓ¯α)∑
β
[
Γ(Ni → φℓβ) + Γ(Ni → φ†ℓ¯β)
]
=
1
8π
1
Hνii
∑
j 6=i
{
Im
[
Y
ν∗
αiH
ν
ijY
ν
αj
]
(f(xj) + g(xj)) + Im
[
Y
ν∗
αiH
ν
jiY
ν
αj
]
g′(xj)
}
, (4.8)
where Hν ≡ Yν†Yν , xj =M2j /M2i , and
f(x) =
√
x
[
1− (1 + x) ln (1 + x−1)] ,
g(x) =
√
x g′(x) =
√
x (1− x)
(x− 1)2 + a2j
, aj =
ΓNj
Mi
,
(4.9)
are the vertex and self-energy one-loop functions, respec-
tively. The quantity ΓNj denotes the Nj total tree-level
decay rate,
ΓNj =
H
ν
jjMj
8π
. (4.10)
The CP asymmetry given in Eq. (4.8) arises from the
interference of the tree-level and one-loop diagrams de-
picted in Fig. 16 (Covi et al., 1996). The presence of com-
plex phases in the Yukawa couplings involved as well as
nonzero absorptive parts in the loop diagrams are neces-
sary conditions to have a nonvanishing asymmetry. The
last diagram in Fig. 16 corresponds to the wave-function
corrections. The diagram with an internal ℓβ is lepton
flavor and lepton number violating. On the other hand,
the diagram with an internal ℓ¯β is lepton flavor violating
but lepton number conserving. Thus it vanishes when
summed over the lepton flavors (Covi et al., 1996).
We note that in the self-energy loop functions g and
g′ of Eq. (4.9) the corrections due to the mixing of
nearly degenerate heavy Majorana neutrinos have been
included. They are parametrized here through the quan-
tities aj (Pilaftsis, 1997; Pilaftsis and Underwood, 2004,
CP asymmetry, these additional contributions tend to be com-
pensated by the washout processes which are typically stronger
than in the nonsupersymmetric case.
2005). In (Anisimov et al., 2006), a different regulator of
the loop functions was obtained in the degenerate limit
Mi ∼ Mj. Instead of a2j , the term (
√
xaj − ai)2 was
found. Both results agree when Hνjj ≫ Hνii. The above
corrections become relevant in the so-called resonant lep-
togenesis scenario (Pilaftsis and Underwood, 2004), i.e.,
in the limit when the mass splitting between Ni and Nj
is comparable with their decay widths.
Summing over the lepton flavors one recovers the stan-
dard result:
ǫi =
∑
α
ǫαi =
1
8π
1
Hνii
∑
j 6=i
Im
[
(Hνij)
2
]
(f(xj) + g(xj)) .
(4.11)
In the so-called N1-dominated scenario with M1 ≪
Mj (j = 2, 3), one has xj ≫ 1 and the one-loop functions
are approximated by f(x) ≃ −1/(2√x), g(x) ≃ −1/√x,
and g′(x) ≃ −1/x. In this case, the flavored asymmetry
in Eq. (4.8) becomes
ǫα1 ≃ −
3
16π
1
Hν11
∑
j 6=1
M1
Mj
Im
[
Y
ν∗
α1H
ν
1jY
ν
αj
]
, (4.12)
while the unflavored asymmetry (4.11) reads
ǫ1 ≃ − 3
16π
1
Hν11
∑
j 6=1
M1
Mj
Im
[
(Hν1j)
2
]
. (4.13)
A remarkable feature of the unflavored asymmetry
(4.13) is that it has the upper bound (Davidson and
Ibarra, 2002; Hamaguchi et al., 2002)
|ǫ1| . 3
16π
M1
v2
(mmax −mmin)
≃ 10−6
(
M1
1010GeV
)(
mmax −mmin
matm
)
, (4.14)
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where v ≈ 175 GeV is the vacuum expectation value of
the neutral component of the Higgs doublet; mmax and
mmin are the largest and smallest light neutrino masses,
respectively; matm is the atmospheric neutrino mass
scale. Moreover, this bound gets more stringent for a
quasidegenerate light neutrino spectrum (mmax ≈ mmin).
On the other hand, the asymmetry in a given flavor (4.12)
is bounded by (Abada et al., 2006b)
|ǫα1 | .
3
16π
M1mmax
v2
√
Yν∗α1Y
ν
α1∑
β |Yνβ1|2
, (4.15)
which goes as the square root of the branching ratio to
that flavor and is not suppressed for a degenerate light
neutrino spectrum.
From the requirement that leptogenesis successfully re-
produces the baryon asymmetry in Eq. (4.7), the bound
in Eq. (4.14) leads to two important consequences (Buch-
muller et al., 2003, 2005a; Giudice et al., 2004):
(i) A lower bound on M1 and the reheating tempera-
ture of the Universe, M1, Treh & 2× 109 GeV.
(ii) An upper bound on the light neutrino mass scale,
m . 0.15 eV.
While the bound in (i) is not relaxed with the inclusion of
flavor effects (Blanchet and Di Bari, 2007; Josse-Michaux
and Abada, 2007), the arguments leading to the bound
in (ii) do not apply in the flavored regime10. There is
presently no consensus on the precise upper bound on the
light neutrino mass scale inferred from flavored leptoge-
nesis. Analytical and numerical calculations (De Simone
and Riotto, 2007; Josse-Michaux and Abada, 2007) sug-
gest that one can easily saturate the cosmological bound
and reach values of m up to 1 eV.
One may wonder whether the bound onM1 (and Treh)
can be evaded without adding new particles or interac-
tions. We recall that this bound applies only for hier-
archical heavy neutrinos. For quasidegenerate Ni the
leptonic CP asymmetries can be much larger than the
upper value of Eq. (4.14). In particular, if xj − 1 = aj
(or, equivalently, |Mj−Mi| ≃ 12 ΓNj ), the asymmetries ǫαi
are resonantly enhanced due to the self-energy contribu-
tion. In this case, the loop functions are approximately
given by g′(x) ≃ g(x) ≃ 4π/Hνjj so that at the resonance
ǫαi,res ≃ −
1
2
∑
j 6=i
{
Im
[
Y
ν∗
αiH
ν
ijY
ν
αj
]
HνiiH
ν
jj
+
Im
[
Y
ν∗
αiH
ν
jiY
ν
αj
]
HνiiH
ν
jj
}
= −
∑
j 6=i
Re
[
H
ν
ij
]
Im
[
Y
ν∗
αiY
ν
αj
]
HνiiH
ν
jj
. (4.16)
10 In the unflavored regime, the upper bound on the neutrino mass
scale can be relaxed if, for instance, the expansion rate of the
Universe is modified at the leptogenesis epoch due to brane cos-
mology (Bento et al., 2006; Okada and Seto, 2006).
After summing over the flavors one finds
ǫi,res = −1
2
∑
j 6=i
Im
[
(Hνij)
2
]
HνiiH
ν
jj
. (4.17)
Thus, one concludes that the resonantly enhanced CP
asymmetry is not suppressed by the light neutrino masses
or the heavy Majorana masses; it is just bounded by uni-
tarity, |ǫi| ≤ 1/2. This in turn implies that leptogenesis
can occur at a much lower energy scale.
Although theoretically challenging, it is possible to
construct models in which the heavy Majorana neu-
trino mass splitting is naturally as small as the decay
width at the leptogenesis scale. For instance, in the so-
called radiative resonant leptogenesis scenario (Branco
et al., 2006a; Gonza´lez Felipe et al., 2004; Turzynski,
2004), the required splitting can be generated by the
renormalization group running from the GUT scale down
to the leptogenesis scale, assuming that the heavy Ma-
jorana neutrinos are exactly degenerate at the GUT
scale. The assumption of a completely degenerate right-
handed neutrino spectrum at the GUT scale is compat-
ible with the solar and atmospheric neutrino oscillation
data (Gonza´lez Felipe and Joaquim, 2001). Such a de-
generacy can be achieved, for instance, by imposing some
discrete or Abelian symmetries (Branco et al., 2006a), or
in models with minimal lepton flavor violation (Branco
et al., 2007a; Cirigliano et al., 2008, 2007) as described
in Sec. II.G.
2. Type II seesaw leptogenesis
As shown in Sec. II.E, the type II seesaw is very eco-
nomical in the sense that it has a single source of flavor
structure, namely, the symmetric complex Yukawa cou-
pling matrixY∆ that couples the SU(2)L scalar triplet ∆
to leptons. Furthermore, in its minimal realization, with
only one scalar triplet, the flavor pattern of Y∆ uniquely
determines the flavor structure of the low-energy effective
neutrino mass matrix mν of Eq. (2.39). There is, how-
ever, a drawback with leptogenesis in this minimal setup,
namely, the leptonic CP asymmetry that is induced by
the triplet decays is generated only at higher loops and is
highly suppressed. Therefore, new sources for neutrino
masses are required to implement thermal leptogenesis
in a type II seesaw framework (D’Ambrosio et al., 2004;
Hambye et al., 2004, 2001; Hambye and Senjanovic, 2004;
Ma and Sarkar, 1998). These new sources could come,
e.g., from other type I, type II or type III contributions.
For illustration, we describe a simple nonsupersymmet-
ric leptogenesis scenario with only two scalar triplets, but
other mixed seesaw leptogenesis scenarios are conceivable
as well (Antusch and King, 2004; Hambye et al., 2006;
Hambye and Senjanovic, 2004). In particular, renor-
malizable left-right symmetric theories and grand unified
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FIG. 17 Tree-level diagrams for the scalar triplet decays and one-loop diagram contributing to the CP asymmetry ǫαβi in type
II seesaw leptogenesis.
models based on SO(10) provide a natural framework for
the simultaneous presence of singlet fermions and Higgs
triplets.
We consider the SM extended with two scalar triplets
∆i (i = 1, 2) of hypercharge +1 (in the normalization
with hypercharge −1/2 for the lepton doublets) and
masses M∆i. In the SU(2) representation we write
∆i =
(
∆0i −∆+i /
√
2
−∆+i /
√
2 ∆++i
)
. (4.18)
The relevant Lagrangian terms are given by Eq. (2.38),
which include now the contributions from both scalar
triplets,
L∆ ∋
∑
i
(
−Y∆iαβ ℓTαC∆iℓβ + µiM∆i φ˜T∆iφ˜+H.c.
)
−
∑
i
M2∆i Tr(∆
†
i∆i), (4.19)
whereY∆i are symmetric 3×3 complex Yukawa coupling
matrices, and µi are dimensionless complex couplings.
In the presence of CP-violating interactions, the decay
of ∆i into two leptons generates a nonvanishing leptonic
asymmetry for each triplet component (∆0i ,∆
+
i ,∆
++
i ),
ǫαβi = ∆L×
Γ(∆∗i → ℓα + ℓβ)− Γ(∆i → ℓ¯α + ℓ¯β)
Γ∆i + Γ∆∗i
,
(4.20)
where Γ∆i denotes the total triplet decay width and the
overall factor ∆L = 2 arises because the triplet decay
produces two leptons. It is useful to define
Bℓi Γ∆i ≡
∑
α,β
Γ(∆∗i → ℓα + ℓβ) =
M∆i
8π
Tr (Y∆i†Y∆i),
Bφi Γ∆i ≡ Γ(∆∗i → φ+ φ) =
M∆i
8π
|µi|2 , (4.21)
where Bℓi ≡ BR(∆∗i → ℓ+ ℓ) and Bφi ≡ BR(∆∗i → φ+ φ)
are the tree-level branching ratios to leptons and Higgs
doublets, respectively (Bℓi + Bφi = 1). The total triplet
decay width is then given by
Γ∆i =
M∆i
8π
[
Tr (Y∆i†Y∆i) + |µi|2
]
. (4.22)
When the triplet decays into leptons with given flavors
ℓα and ℓβ , a nonvanishing asymmetry ǫ
αβ
i is generated by
the interference of the tree-level decay process with the
one-loop self-energy diagram shown in Fig. 17. One finds
ǫαβi ≃ −
g(xj)
2π
cαβ Im
[
µ∗iµjY
∆i
αβY
∆j∗
αβ
]
Tr (Y∆i†Y∆i) + |µi|2
, (j 6= i),
(4.23)
where cαβ = 2 − δαβ for ∆0i and ∆++i , cαβ = 1 for ∆+i ;
xj = M
2
∆j
/M2∆i , and the loop function g(x) is defined
in Eq. (4.9), with the parameter aj now given by aj =
Γ∆j/M∆i .
Recalling that in the type II seesaw framework under
discussion the effective light neutrino mass matrix is
mν =m
(1)
ν +m
(2)
ν , m
(i)
ν = 2µ
∗
i
v2
M∆i
Y
∆i , (4.24)
and using the relation
16πv2 Γ∆i(Bℓi Bφi )1/2 =M2∆i
[
Tr
(
m
(i)†
ν m
(i)
ν
)]1/2
,
(4.25)
Eq. (4.23) can be recast in the more convenient form
ǫαβi ≃ −
g(xj)
4π
M∆j(Bℓi Bφi )1/2
v2
cαβIm
[(
m
(i)
ν
)
αβ
(
m
(j)
ν
)∗
αβ
]
[
Tr
(
m
(i)†
ν m
(i)
ν
)]1/2
= −g(xj)
4π
M∆j(Bℓi Bφi )1/2
v2
cαβIm
[(
m
(i)
ν
)
αβ
(
m
∗
ν
)
αβ
]
[
Tr
(
m
(i)†
ν m
(i)
ν
)]1/2 .
(4.26)
In the hierarchical limit M∆i ≪ M∆j , Eq. (4.26) re-
duces to
ǫαβi ≃
M∆i(Bℓi Bφi )1/2
4πv2
cαβ Im
[(
m
(i)
ν
)
αβ
(
m
∗
ν
)
αβ
]
[
Tr
(
m
(i)†
ν m
(i)
ν
)]1/2 .
(4.27)
Summing over the final lepton flavors, Eq. (4.27) leads
to the following expression for the unflavored asymme-
try (Dorsner et al., 2006; Hambye et al., 2006):
ǫi =
∑
α,β
ǫαβi =
M∆i(Bℓi Bφi )1/2
4πv2
Im
[
Tr
(
m
(i)
ν m
†
ν
)][
Tr
(
m
(i)†
ν m
(i)
ν
)]1/2 .
(4.28)
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It is then straightforward to show that the following
upper bound holds (Hambye et al., 2006):
|ǫi| ≤ M∆i(B
ℓ
i Bφi )1/2
4πv2
[
Tr
(
m
†
νmν
)]1/2
=
M∆i(Bℓi Bφi )1/2
4πv2
(∑
k
m2k
)1/2
. (4.29)
Thus, unlike the type I seesaw case, the upper bound on
the asymmetry increases as the light neutrino mass scale
increases. For hierarchical light neutrinos one obtains:
|ǫi| . 10−6
(Bℓi Bφi )1/2( M∆i1010GeV
)(
matm
0.05 eV
)
. (4.30)
We remark that, although the absolute maximum in
Eqs. (4.29) and (4.30) is attained when Bℓi = Bφi = 1/2,
this situation does not necessarily correspond to a max-
imal baryon asymmetry. The efficiency of leptogenesis,
dictated by the solution of the relevant Boltzmann equa-
tions, is not necessarily maximal in such a case. In fact, it
turns out that the efficiency is minimal for Bℓi = Bφi = 1/2
and maximal when either Bℓi ≪ Bφi or Bℓi ≫ Bφi (Ham-
bye et al., 2006). Consequently, in the limits when the
efficiency is maximal the leptonic CP asymmetry is sup-
pressed.
A major difference between type I and type II seesaw
leptogenesis scenarios is that, unlike the singlet Majo-
rana neutrinos, the scalar triplets couple to the SM gauge
bosons. Since gauge interactions keep the triplets close
to thermal equilibrium at temperatures T . 1015 GeV,
it may seem difficult to fulfill the third Sakharov condi-
tion. Nevertheless, estimates of the thermal leptogenesis
efficiency (Hambye et al., 2001; Hambye and Senjanovic,
2004) as well as a more precise calculation of it by solving
the full set of Boltzmann equations (Hambye et al., 2006)
indicate that leptogenesis is efficient even at a much lower
temperature. For hierarchical scalar triplets and in the
absence of extra sources of CP violation, leptogenesis is
efficient for M∆i & 10
9 GeV.
If the scalar triplets are quasidegenerate in mass, the
leptonic asymmetry can be resonantly enhanced provided
that |M∆j −M∆i| ∼ 12 Γ∆j . In this case, from Eq. (4.26)
one obtains
ǫαβi ≃
(Bℓi Bφi )1/2cαβ Im
[(
m
(i)
ν
)
αβ
(
m
(j)
ν
)∗
αβ
]
[
Tr
(
m
(i)†
ν m
(i)
ν
)]1/2[
Tr
(
m
(j)†
ν m
(j)
ν
)]1/2 , (4.31)
which, after summing over the lepton flavors, yields
ǫi,res ≃
(Bℓi Bφi )1/2 Im
[
Tr
(
m
(i)
ν m
(j)†
ν
)][
Tr
(
m
(i)†
ν m
(i)
ν
)]1/2[
Tr
(
m
(j)†
ν m
(j)
ν
)]1/2 . (4.32)
This leads to the upper bound |ǫi,res| . (Bℓi Bφi )1/2, which
is suppressed by neither the light neutrino masses nor the
scalar triplet masses [it is just bounded by the unitarity
constraint |ǫi| < 2min(Bℓi ,Bφi )]. This opens the possibil-
ity for type II seesaw leptogenesis scenarios at the TeV
scale. We note, however, that in the latter case there is a
dependence onM∆i that strongly suppresses the leptoge-
nesis efficiency whenM∆i ∼ O(TeV). Moreover, the final
baryon asymmetry crucially depends on the triplet anni-
hilation rate in the nonrelativistic limit, which is affected
by nonperturbative corrections to the s-wave coefficient
that reduce further the leptogenesis efficiency by about
30% (Strumia, 2009). Since after the electroweak sym-
metry breaking, at temperatures T . mHiggs, sphaleron
interactions are suppressed and no longer can convert the
lepton asymmetry into a baryon asymmetry, a stringent
lower bound on the triplet mass is obtained. To success-
fully reproduce the observed baryon asymmetry, a triplet
mass M∆i & 1.6 TeV is required (Strumia, 2009), which
is too heavy to give detectable effects at the LHC (Nath
et al., 2010).
3. Type III seesaw leptogenesis
As explained in Sec. II.E, light neutrino masses can
also be mediated by the tree-level exchange of SU(2)-
triplet fermions with zero hypercharge. Such triplets
naturally arise in theories based on grand unification,
e.g., when the adjoint 24F fermion representation is in-
troduced in SU(5), and their masses could be low enough
to be accessible at the LHC (Bajc and Senjanovic, 2007).
Apart from the kinetic term, the type III seesaw La-
grangian has the same structure as in the type I seesaw
case, but with different contractions of the SU(2) indices
in the Yukawa interaction terms [cf. Eq. (2.41)]. Thus,
in what concerns neutrino masses, the type I and type III
seesaw mechanisms share the same qualitative features.
Yet, there are a few differences in the implementation
of leptogenesis that are worth mentioning. First, in the
CP asymmetry generated by the triplet fermion decay,
the relative sign between the vertex and self-energy con-
tributions is opposite to that of the type I seesaw case.
Therefore, for a hierarchical triplet spectrum, the asym-
metry turns out to be 3 times smaller than in the singlet
fermion case. Nevertheless, this is compensated by the
fact that the triplet has three components and, conse-
quently, the final baryon asymmetry is 3 times bigger.
Second, fermion triplets have gauge interactions which
tend to keep them close to thermal equilibrium and re-
duce the efficiency of leptogenesis (Hambye et al., 2004).
Since all of the conclusions previously drawn for type I
seesaw leptogenesis essentially remain valid in the present
case, we briefly comment next on the main differences.
Considering the type III seesaw Lagrangian of Eq. (2.41)
with three fermion triplets Σi (i = 1, 2, 3), the CP asym-
metry generated in the decays of Σi into a lepton ℓα
and the Higgs φ comes from the interference of the tree-
level and one-loop graphs depicted in Fig. 18. It dif-
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FIG. 18 Diagrams contributing to the CP asymmetry ǫαi in type III seesaw leptogenesis. As in the type I seesaw case, the
last diagram involves two graphs, one which is lepton flavor and lepton-number violating and another which is lepton flavor
violating but does not give contribution to the unflavored CP asymmetry.
fers from its analogous of the type I case [cf. Eq. (4.8)]
in the overall sign of the vertex contribution, and the
substitutions Mi → MΣi ,Yν → YΣ,Hν → HΣ and
ΓNi → ΓΣi . Thus, in a Σ1-dominated scenario with hier-
archical fermion triplets, MΣ1 ≪MΣj (j = 2, 3), instead
of the usual f(x) + g(x) ≃ −3/(2√x) factor, the factor
g(x)− f(x) ≃ −1/(2√x) appears. This means, in partic-
ular, that the right-hand sides in Eqs. (4.12)-(4.15) get
reduced by a factor of 3. On the other hand, the resonant
asymmetries in Eqs. (4.16) and (4.17) remain unaltered.
As in the type II seesaw case, gauge interactions play a
crucial role in the efficiency of the type III leptogenesis
scenario. Assuming a hierarchical triplet mass spectrum
and neglecting flavor effects, leptogenesis can succeed if
MΣ1 & 1.5 × 1010 GeV and the neutrino mass scale is
m . 0.12 eV (Hambye et al., 2004). These bounds are
slightly stronger than in type I leptogenesis. On the other
hand, if leptogenesis occurs at the TeV scale, the cor-
rect amount of baryon asymmetry can only be generated
for MΣi & 1.6 TeV (Strumia, 2009), which is too large
to be within the energy reach of the LHC (Nath et al.,
2010). Accounting for flavor effects does not weaken this
bound (Aristizabal Sierra et al., 2010b).
4. Dirac leptogenesis
All the leptogenesis scenarios discussed in this section
are based on the seesaw mechanism, which gives Majo-
rana masses to the light neutrinos. Although well mo-
tivated from a theoretical and phenomenological view-
point, this is not the only possibility to explain neutrino
masses. Indeed, neutrinos could be Dirac particles and
lepton number may not be violated at the perturbative
level. It is therefore pertinent to ask whether leptoge-
nesis can be implemented in such a framework. As it
turns out, models with Dirac neutrinos and viable lep-
togenesis can be constructed as well (Akhmedov et al.,
1998; Dick et al., 2000; Murayama and Pierce, 2002). The
main idea behind the Dirac leptogenesis scenarios can be
understood as follows. Suppose that the CP-violating de-
cay of a heavy particle produces a nonzero lepton number
L < 0 (−L > 0) for left-handed (right-handed) particles.
Since the Yukawa interactions of the SM are fast enough,
they rapidly equilibrate the left-handed and right-handed
particles so that L goes to zero. However, this does not
apply to Dirac neutrinos, which have Yukawa couplings
exceedingly small, yν . O(1 eV)/v ∼ 10−11. For them,
the equilibrium between the lepton number stored in each
chirality occurs when Γν/H ≃ y2νMP/T & 1, i.e., at
a temperature which is far below the electroweak scale.
Thus, by the time L-equilibration takes place the left-
handed lepton number has already been partially con-
verted into a net baryon number by the sphalerons, lead-
ing to a Universe with B = L > 0. Clearly, one of the
consequences of Dirac leptogenesis is the absence of any
signal in 0νββ decay searches.
B. Leptonic CP violation from high to low energies
One of the distinctive features of the leptogenesis
mechanisms described in the previous section is the fact
that the interactions relevant for leptogenesis can simul-
taneously be responsible for the nonvanishing and small-
ness of the neutrinos masses. This raises the question of
whether there is a direct link between leptogenesis and
low-energy leptonic observables. More specifically, if the
strength of CP violation at low energies in neutrino oscil-
lations is measured, what can one infer about the viabil-
ity or nonviability of leptogenesis? From the sign of the
baryon asymmetry, can one predict the sign of the CP
asymmetries in neutrino oscillations, namely the sign of
the low-energy CP invariant J CPlepton? Is there any connec-
tion between leptogenesis and the low-energy Majorana
phases measurable in 0νββ decay? The answers to these
questions are, however, not straightforward.
In general, the seesaw framework contains many more
(unconstrained) parameters than measurable quantities
at low energies. We recall that, apart from the three
charged-lepton masses, the lepton sector contains nine
parameters: the three light neutrino masses plus the
three mixing angles and three CP-violating phases con-
tained in the PMNS leptonic mixing matrixU. Only four
of these nine parameters have been measured: the mass-
squared differences (∆m221,∆m
2
31) and two mixing angles
(θ12, θ23). The lightest neutrino mass and the Dirac and
Majorana phases in U are unknown. But even if these
unknown parameters would be measured, and a partial
correspondence with the leptonic sector at high energies
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could be established, there remain several high-energy
free parameters which are not accessible to experiments.
Some of the latter are relevant for leptogenesis. Con-
sequently, any connection between leptogenesis and low-
energy leptonic observables can only be found in a model-
dependent way (Branco et al., 2002, 2001; Buchmuller
and Plumacher, 1996). In particular, thermal leptogene-
sis can be unsuccessful despite the presence of low-energy
leptonic CP violation. Conversely, leptogenesis can take
place even without Dirac and/or Majorana phases at low
energies (Branco et al., 2002; Rebelo, 2003).
In this section we discuss some general aspects of the
interplay between the leptonic CP violation responsible
for leptogenesis at high energies and the one measurable
at low energies, which originates from the leptonic mix-
ing matrix U. Our aim is to analyze some simple cases
in which such a link can exist and manifest itself through
the leptonic CP asymmetries. We restrict our discussion
to the type I seesaw leptogenesis scenario. All the con-
clusions will be equally valid for the type III seesaw case
(with some obvious changes in the notation). Other sce-
narios, in which the connection can be established taking
into account not only the leptonic asymmetry but also
the effects that affect the efficiency of leptogenesis (e.g.,
charged-lepton flavor effects), will be briefly commented
on at the end of Sec. IV.B.2.
In order to address the above questions in a type I see-
saw framework, one should keep in mind that, in the mass
eigenbasis of the charged leptons and heavy Majorana
neutrinos, all the information about the leptonic mix-
ing and CP violation is contained in the Dirac-neutrino
Yukawa coupling matrix Yν . It then becomes clear that
any bridge between high-energy and low-energy CP vio-
lation can only be established for specific choices of this
matrix. Below we describe a few possibilities.
1. Triangular parametrization
It can be easily shown that any arbitrary complex ma-
trix can be written as the product of a unitary matrix
V and a lower triangular matrix Y△ (Morozumi et al.,
1997). In particular, the Dirac-neutrino Yukawa coupling
matrix can be written as
Y
ν = VY△, Y△ =
 y11 0 0y21 eiβ1 y22 0
y31 e
iβ2 y32 e
iβ3 y33
 ,
(4.33)
where yij are real positive numbers. Since V is unitary,
in general it contains six phases. However, three of these
phases can be rephased away by a simultaneous phase
transformation on the left-handed fields ℓ, which leaves
the leptonic charged-current invariant. Furthermore,Y△
defined in Eq. (4.33) can be rewritten in the form
Y△ = P
†
βYˆ△Pβ , (4.34)
where Pβ = diag(1, e
−iβ1 , e−iβ2) and
Yˆ△ =
 y11 0 0y21 y22 0
y31 y32 e
iσ y33
 , (4.35)
with σ = β3 − β2 + β1. It follows then from Eqs. (4.33)
and (4.34) that the matrix Yν can be decomposed as
Y
ν = UρPα Yˆ△Pβ , (4.36)
where Pα = diag(1, e
iα1 , eiα2) and Uρ is a unitary ma-
trix containing only one phase ρ. Therefore, in the mass
eigenbasis of the charged leptons and heavy Majorana
neutrinos, the phases ρ, α1, α2, σ, β1, and β2 are the
only physical phases characterizing CP violation in the
lepton sector.
The triangular parametrization given in Eq. (4.36) is
in general not suitable to disentangle the phases appear-
ing in the flavored leptogenesis asymmetries of Eq. (4.8),
which depend on the quantities Im
[
Y
ν∗
αiH
ν
ijY
ν
αj
]
. Nev-
ertheless, for the unflavored leptogenesis asymmetry in
Eq. (4.11), the relevant phases are only those contained
in the matrix Hν = Yν†Yν . From Eqs. (4.33)-(4.36),
we then conclude that these phases are σ, β1, and β2.
Since the phases α1, α2, and ρ do not contribute to lep-
togenesis, and all six phases of Yν are present in the
leptonic mixing matrix U, it is clear that a necessary
condition for a direct link between the unflavored lep-
togenesis asymmetry and low-energy CP violation is the
requirement that the matrix V in Eq. (4.33) contains no
CP-violating phases. We note that, although the above
condition was derived in a specific weak basis, and us-
ing the parametrization of Eq. (4.33), it can be applied
to any model. A specific class of models which satisfy
the above necessary condition in a trivial way are those
for which V = 1 , leading to Yν = Y△ (Branco et al.,
2003d). This condition is necessary but not sufficient
to allow for a prediction of the sign of the CP asym-
metry in neutrino oscillations, given the observed sign
of the baryon asymmetry and the low-energy neutrino
data. A more restrictive class of matrices Yν should be
considered (Branco et al., 2003d). Below we illustrate
the possibility of a direct link between leptogenesis and
low-energy CP violation with a simple example.
We consider an N1-dominated scenario with M1 ≪
M2,3. Assuming that y31 = 0 and β3 = 0, the matrix Y
ν
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in Eq. (4.33) has the simple zero-texture structure11
Y
ν =
 y11 0 0y21 eiβ1 y22 0
0 y32 y33
 , (4.37)
so that Im
[
Y
ν∗
µ1H
ν
12Y
ν
µ2
]
and Im
[
(Hν12)
2
]
are the only
nonvanishing quantities in the flavored and unflavored
CP asymmetries of Eqs. (4.12) and (4.13), respectively.
One obtains
ǫµ1 ≃
3
16π
M1
M2
y221 y
2
22
y211 + y
2
21
× sin(2β1),
ǫe1 = ǫ
τ
1 = 0, (4.38)
and summing over the flavors, ǫ1 = ǫ
µ
1 . On the other
hand, the strength of CP violation at low energies is con-
trolled by the CP invariant J CPlepton defined in Eq. (2.25),
with the neutrino mass matrix given by the seesaw for-
mula (2.35). In this case,
JCP = −
Im
[
(mνm
†
ν)12(mνm
†
ν)23(mνm
†
ν)31
]
∆m221∆m
2
31∆m
2
32
=
y211 y
2
21 y
2
32 y
2
22 v
12
M31M
3
2∆m
2
21∆m
2
31∆m
2
32
× sin(2β1)
×
[
y221y
2
32 + y
2
11y
2
22 + y
2
11y
2
32 + y
2
33(y
2
11 + y
2
21)
M2
M3
]
.
(4.39)
Thus, in this toy example not only the relative sign be-
tween the low-energy CP invariant J CPlepton and the fla-
vored (ǫµ1 ) and unflavored (ǫ1) asymmetries can be pre-
dicted (these quantities have the same sign), but also
their dependence on the CP-violating phase β1 is such
that they are simultaneously maximized when β1 = π/4.
We also note that when y33 = 0 the texture of Y
ν given
in Eq. (4.37) corresponds to one of the textures consid-
ered in (Frampton et al., 2002). In this case, the heavy
Majorana neutrino N3 completely decouples, rendering
this situation phenomenologically equivalent to the two
right-handed neutrino cases discussed in Sec. IV.B.3.
2. Orthogonal parametrization
A particularly useful parametrization in the context of
type I seesaw leptogenesis was proposed by (Casas and
Ibarra, 2001). Using a complex orthogonal matrixR, the
Yukawa coupling matrixYν can be rewritten in the more
convenient form for leptogenesis calculations,
Y
ν = v−1U∗ d1/2m Rd
1/2
M , (4.40)
11 Approximate texture zeros commonly arise in flavor model con-
structions based on the Froggatt-Nielsen mechanism (Froggatt
and Nielsen, 1979).
where dM and dm are the diagonal mass matrices de-
fined in Eqs. (2.34) and (2.36), respectively. In this
parametrization,
H
ν
ij = (Y
ν†
Y
ν)ij =
M
1/2
i M
1/2
j
v2
∑
k
mkR
∗
kiRkj , (4.41)
so that the flavored leptogenesis asymmetry given in
Eq. (4.12) can be written in the form
ǫα1 ≃
3M1
16πv2
∑
j,km
1/2
j m
3/2
k Im
[
U
∗
αjUαkRj1Rk1
]∑
kmk |Rk1|2
,
(4.42)
while the unflavored asymmetry (4.13) reads
ǫ1 ≃ 3M1
16πv2
∑
j 6=1m
2
j Im
[
R
2
j1
]∑
kmk |Rk1|2
. (4.43)
It becomes evident that the unflavored asymmetry
(4.43) or, more generally, the unflavored asymmetry de-
fined in Eq. (4.11) does not depend on the low-energy CP-
violating phases of U, since the matrix U cancels out in
the matrix Hν , as can be seen from Eq. (4.41). It should
be noted, however, that the above conclusion holds pro-
vided that the matrices U and R are independent from
each other, i.e., if no constraints or specific ansa¨tze are
imposed on the matrix Yν . In particular, imposing some
flavor symmetries or texture zeros on the matrix Yν may
lead to relations between the CP-violating phases in U
and the CP-violating parameters in R. In such cases,
the parametrization in Eq. (4.40) may not be the most
convenient for disentangling the CP violation responsible
for leptogenesis from CP violation at low energies.
If the matrix R is real, i.e., if the only source of high-
energy CP violation comes from the left-handed lepton
sector, then the unflavored leptogenesis CP-asymmetries
ǫi vanish (Abada et al., 2006b; Nardi et al., 2006). The
fact that the matrix R is real when CP is an exact
symmetry of the right-handed neutrino sector is eas-
ily understood once the matrix Yν is written in its
singular value decomposition, Yν = V†LdλVR, where
VL,R are unitary matrices and dλ = diag (λ1, λ2, λ3)
with λi the corresponding eigenvalues. The CP vio-
lation in the right-handed neutrino sector is thus en-
coded in the phases of VR. On the other hand, using
the parametrization (4.40), one can also write Hν =
d
1/2
M R
†
dmRd
1/2
M /v
2 = V†Rd
2
λVR, which clearly shows
that the orthogonal matrix R is real if and only if VR is
real.
The situation is, however, quite different when flavor
effects are accounted for. We consider, for definiteness,
the N1-dominated scenario with M1 ≪ M2,3 at temper-
atures T . 1012 GeV. In this case, the flavored asym-
metries are given by Eq. (4.42) and the relevant quanti-
ties are the combinations Im
[
U
∗
αj UαkRj1Rk1
]
, which
45
explicitly depend on the PMNS matrix elements. There-
fore, provided that R 6= 1 , the leptogenesis asymmetries
ǫα1 do not vanish even if the matrix R is real. Further-
more, in the latter case the CP-violating effects respon-
sible for leptogenesis are directly connected to the low-
energy CP-violating phases in U (Branco et al., 2007b;
Pascoli et al., 2007). This becomes evident from the ex-
pression of the leptogenesis asymmetries,
ǫα1 =
3M1
16πv2
∑
j
∑
k>j
√
mjmk (mk −mj)Rj1Rk1 Iαjk∑
kmk |Rk1|2
,
(4.44)
where
Iαjk = Im
[
U
∗
αjUαk
]
(4.45)
are rephasing invariant quantities.
At this point, one may wonder whether a real matrix
R can be naturally realized in some model. In general,
once CP violation is allowed through the introduction of
complex Yukawa couplings, it will arise in both the left-
handed and right-handed sectors, leading to a complex
PMNS matrix U as well as a complex orthogonal ma-
trix R. The simplest way of restricting the number of
CP-violating phases is through the assumption that CP
is a good symmetry of the Lagrangian, only broken by
the vacuum. A model with a complex leptonic mixing
matrix U and real R can actually be constructed in a
natural way. We consider the type I seesaw framework
and impose CP invariance at the Lagrangian level. We
also introduce three Higgs doublets, together with a Z3
symmetry under which the left-handed fermion doublets
ψLj transform as ψLj → e−i2πj/3ψLj and the Higgs dou-
blets as φj → ei2πj/3φj , while all other fields transform
trivially. One can show that there is a region of the pa-
rameter space where the vacuum violates CP through
complex vacuum expectation values. Yet, due to the
Z3 restrictions on Yukawa couplings, the combination
Y
ν†
Y
ν turns out to be real, thus implying a real R,
while a complex U is generated. The drawback of such
a scheme is that leptogenesis must occur not far from
the electroweak scale. However, one can envisage an al-
ternative scenario where effective Yukawa couplings are
generated by higher-order operators that involve singlet
fields that acquire complex VEV at very high energies.
From a different viewpoint, the case of a real matrix R
can also be realized within a class of models based on the
so-called sequential dominance (King, 2007).
To illustrate the possibility of a direct link between lep-
togenesis and low-energy CP violation when the matrix
R is real, we consider the following example. We assume
a normal hierarchical light neutrino mass spectrum with
m1 ≃ 0 ≪ m2 ≃ msol ≪ m3 ≃ matm. In this case,
Eq. (4.44) yields
ǫα1 ≃
3M1
16πv2
matm
√
msolmatmR21R31 Iα23
msol |R21|2 +matm |R31|2 . (4.46)
We further assume that the CP-violating effects due to
the low-energy Dirac-type phase δ are subdominant and
can be neglected (δ ≃ 0). Then, using the parametriza-
tion (2.11)-(2.12) of the mixing matrix U, one can show
that
Ie23 ≃ −c13s12s13 sin(α12/2),
Iµ23 ≃ c13s23(−c12c23 + s12s13s23) sin(α12/2),
Iτ23 ≃ c13c23(c23s12s13 + c12s23) sin(α12/2), (4.47)
with α12 = α1 − α2. Therefore, in this simple exam-
ple, the flavored leptogenesis asymmetries depend on the
same Majorana-phase difference α12 that controls the ef-
fective Majorana mass parameter mee in 0νββ decay [cf.
Eq. (3.30)]. We note, however, that the sign of ǫα1 cannot
be uniquely predicted by the sign of sin(α12/2) since the
product R21R31 can be positive or negative.
Before concluding this section, we briefly comment on
the possibility of establishing a connection between lep-
togenesis and low-energy CP violation taking into ac-
count other effects (besides the leptonic CP asymmetries)
that can affect the efficiency of leptogenesis. Assuming
a particular prior on the parameter space (e.g., by re-
stricting the orthogonal matrix R and the heavy and/or
light neutrino mass spectra), it has been shown that fla-
vored leptogenesis can work for any value of the PMNS
phases and, therefore no direct connection can be estab-
lished (Davidson et al., 2007). On the other hand, for an
inverted-hierarchical light neutrino mass spectrum, one
can show that there exist regions in the leptogenesis pa-
rameter space where the purely high-energy contribution
to the baryon asymmetry is highly suppressed and a suc-
cessful leptogenesis can be achieved only if the necessary
amount of CP violation is provided by the PMNS Majo-
rana phases (Molinaro and Petcov, 2009a,b).
3. Two right-handed neutrino case
Neutrino oscillation data do not demand the pres-
ence of three right-handed neutrinos in a type I see-
saw framework. The solar and atmospheric neutrino
mass scales could be associated to just two heavy Ma-
jorana neutrino masses. Such a two right-handed neu-
trino (2RHN) scenario has also the advantage of reducing
the total number of free parameters so that the analy-
sis of neutrino phenomenology and leptogenesis becomes
much simpler (Barger et al., 2004; Frampton et al., 2002;
Gonza´lez Felipe et al., 2004; Guo et al., 2007a; Ibarra
and Ross, 2004; Raidal and Strumia, 2003). To under-
stand this, we recall that in the SM extended with three
right-handed neutrinos the Lagrangian of the neutrino
sector contains 18 parameters at high energies: 3 heavy
Majorana masses plus 15 real parameters (9 moduli and
6 phases) needed to specify the Yukawa coupling matrix
Y
ν . Of these, only 15 parameters are independent in
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what concerns the light neutrino mass matrix mν ob-
tained through the seesaw mechanism (the three Majo-
rana masses Mi can be absorbed into Y
ν by an appro-
priate rescaling of its elements). On the other hand, in
the 2RHN case, there are altogether 11 parameters: 2
heavy Majorana masses together with 9 real parameters
(6 moduli and 3 phases) that specify the 3 × 2 matrix
Y
ν . Once again, performing the rescaling of the two
heavy Majorana masses, the effective number is reduced
to 9 parameters.
In the three right-handed neutrino case, the measur-
able quantities associated to the light neutrino mass ma-
trix are 3 masses, 3 mixing angles, and 3 phases, while
for two right-handed neutrinos this number is reduced
by 2, since the lightest neutrino is massless and its as-
sociated Majorana phase vanishes. Thus, in the latter
case there is no possibility of three quasidegenerate light
neutrinos, and only two mass spectra are allowed: a nor-
mal hierarchy with m1 = 0, m2 = msol and m3 = matm
or an inverted hierarchy with m3 = 0, m1 = matm and
m2 ≈ matm +m2sol/(2matm).
The parameters in Yν which are associated with the
seesaw but are not determined by low-energy measur-
able quantities are most easily disentangled if this ma-
trix is written in terms of the orthogonal parametrization
of Eq. (4.40). The six (two) undetermined parameters
of the 3RHN (2RHN) model would correspond precisely
to those parameters that specify the complex orthogonal
matrix R. The 2RHN model can then be thought of as
the limiting case of the 3RHN model in which the heavi-
est right-handed neutrino N3 decouples from the theory
because it is very heavy or its Yukawa couplings are very
small. From Eq. (4.40) one finds for the third column of
the matrix R
Ri3 =
v√
miM3
(UTYν)i3. (4.48)
Thus, as M3 → ∞, R23,R33 → 0, while R13 → 1 due
to orthogonality. Consequently, in the 2RHN model the
orthogonal matrix R takes the simple 3× 2 structure
R =
 0 0cos z − sin z
± sin z ± cos z
 , (4.49)
where z is a complex angle and the ± signs account for
a discrete indeterminacy in R. Using this form, the ele-
ments of the Dirac-neutrino Yukawa coupling matrix read
Y
ν
α1 =
√
M1(
√
m2 cos z U
∗
α2 ±
√
m3 sin z U
∗
α3)/v,
Y
ν
α2 =
√
M2(−√m2 sin z U∗α2 ±
√
m3 cos z U
∗
α3)/v.
(4.50)
For an inverted hierarchy, the corresponding matrix R
reads
R =
 cos z − sin z± sin z ± cos z
0 0
 , (4.51)
and Eqs. (4.50) become
Y
ν
α1 =
√
M1(
√
m1 cos z U
∗
α1 ±
√
m2 sin z U
∗
α2)/v,
Y
ν
α2 =
√
M2(−√m1 sin z U∗α1 ±
√
m2 cos z U
∗
α2)/v.
(4.52)
It is clear that without any assumption about the
complex parameter z there is no direct link between
the leptogenesis asymmetries and leptonic CP violation
at low energies. Nevertheless, the fact that the num-
ber of unknown parameters at high energies is reduced
with respect to the 3RHN case makes it possible to es-
tablish a connection between thermal leptogenesis and
low-energy neutrino parameters with simple assumptions
about the physics at high energies. For instance, assum-
ingM1 ≪M2 and z real, the flavored leptogenesis asym-
metries given in Eq. (4.46) for a normal hierarchical neu-
trino mass spectrum read
ǫα1 ≃ ±
3M1
16πv2
matm
√
msolmatm sin z cos z Iα23
msol cos2 z +matm sin
2 z
, (4.53)
with the rephasing invariant quantities Iα23 given by
Eqs. (4.47) with the Majorana phase γ2 = 0. On the
other hand, the total (unflavored) asymmetry ǫ1 would
vanish in this case since
∑
α Iα23 = 0.
We note that the asymmetry (4.53) is maximal when
sin z =
√
msol
msol +matm
≈
√
msol
matm
, (4.54)
which implies the upper bound
|ǫα1 | ≤
3M1matm
32πv2
|Iα23| . (4.55)
Nevertheless, we remark that a maximal CP asymme-
try does not necessarily correspond to a maximal baryon
asymmetry since leptogenesis also crucially depends on
the subsequent washout effects.
Yukawa coupling structures with texture zeros provide
a well-motivated framework in which the number of high-
energy parameters is reduced and relations among low-
energy neutrino observable quantities may be implied.
In the presence of a family symmetry, the charge assign-
ment under the symmetry to particles may lead to one
or several Yukawa couplings which are negligibly small
compared to the others. It is clear that texture zeros
are in general not WB invariant. This means that a
given texture zero, which arises in a certain WB, may
not be present or may appear in a different matrix en-
try in another WB. It is, however, important to distin-
guish among various types of texture zeros. Some of them
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have no physical meaning because they can be obtained
through a WB transformation starting from arbitrary fla-
vor matrices (Branco et al., 2009a). On the other hand,
there are texture zeros that do have physical implica-
tions. Among the latter, one should distinguish between
zeros that result from a flavor symmetry from those that
just reflect an ad-hoc assumption on the flavor struc-
ture. It should be emphasized that even when texture
zeros result from a family symmetry imposed on the La-
grangian, they are manifest only in a particular basis,
namely, the basis where the symmetry is transparent.
Furthermore, it has been shown (Branco et al., 2006b)
that a large class of sets of leptonic texture zeros imply
the vanishing of certain CP-odd WB invariants. These
invariants allow, for instance, one to recognize a flavor
model, which is characterized by certain texture zeros in
the matrix Yν in the basis where the charged-lepton and
right-handed neutrino mass matrices are diagonal, when
the same model is written in an arbitrary WB where the
zeros are not manifest.
The possibility of a texture zero in the (1,1) position
is quite interesting from the phenomenological point of
view, since in the quark sector such a postulate, if ap-
plied to the up and down quark matrices, leads to the
remarkably successful prediction for the Cabibbo angle
θC = θ12 =
√
md/ms (Gatto et al., 1968). Applying this
rationale to the neutrino sector of the 2RHN model, i.e.,
imposing Yν11 = 0, would fix the value of the unknown
parameter z in terms of low-energy neutrino data. From
Eqs. (4.50) and (4.52), one finds
tan z = ∓
√
m2
m3
U
∗
e2
U∗e3
, tan z = ∓
√
m1
m2
U
∗
e1
U∗e2
, (4.56)
for normal and inverted-hierarchical neutrino mass spec-
trum, respectively. Note also that imposing additional
texture zeros in the neutrino Yukawa coupling matrix
would yield relations among the mixing angles and neu-
trino masses. To see the implications for leptogenesis
of a texture zero in the (1,1) position, we consider the
unflavored asymmetry given in Eq. (4.43), rewritten as
ǫ1 ≃ 3M1
16πv2
(m23 −m22) Im(sin2 z)
m2| cos2 z|+m3| sin2 z|
. (4.57)
Using the first relation in Eq. (4.56), ǫ1 can then be ex-
pressed in terms of low-energy quantities as
ǫ1 ≃ 3M1(m
2
3 −m22)
16πv2mee
Im(U∗2e2U
2
e3)
|Ue2|2 + |Ue3|2
≈ −3M1m
2
atm
16πv2mee
sin2 θ13 sin(2δ + α1). (4.58)
Thus, in this simple example, there is a correlation be-
tween the sign of the baryon asymmetry and low-energy
leptonic CP violation. Clearly, one texture zero is suf-
ficient to establish such a link because the sign of ǫ1
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FIG. 19 The CP asymmetries ǫ1 and ǫ2 as functions of sin θ13
generated in a minimal radiative leptogenesis scenario. The
curves correspond to the approximate analytic expressions
given in Eqs. (4.61).
is determined by Im(tan2 z), which in turn is fixed by
Eq. (4.56). If we consider the flavored asymmetries ǫα1
given in Eq. (4.42), it would still be possible to write
them in terms of low-energy observables. However, the
direct connection between the sign of the baryon asym-
metry and CP violation at low energies would be lost
since the phase contributions to the individual asymme-
tries are more involved.
In the examples presented above, the heavy Majorana
neutrinos have been assumed hierarchical in mass so that
leptogenesis is dominated by the decays of N1, the light-
est of the heavy states. One can also envisage a situation
when the heavy Majorana neutrino mass spectrum is ex-
actly degenerate at energies above the leptogenesis scale.
In this case, a small mass splitting among the heavy Ma-
jorana neutrino states can be generated, in a natural way,
via the renormalization group running from the degener-
acy scale down to the leptogenesis scale (Gonza´lez Felipe
et al., 2004). To illustrate this, we consider again the
minimal scenario with only two right-handed neutrinos,
and assume that M1 =M2 ≡M , at a scale Λ > M . The
evolution of the right-handed neutrino mass matrix mR
as a function of the energy scale µ is governed by the
renormalization group equation
dmR
dt
= Hν TmR +mRH
ν , t =
1
16 π2
ln (µ/Λ) .
(4.59)
Then, defining δN ≡ M2/M1 − 1, which quantifies the
degree of degeneracy betweenM1 andM2, the radiatively
induced mass splitting at the decoupling scale M will be
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approximatively given by
δN ≃ Mmatm
8π2v2
(1− ρ) ln (Λ/M) , (4.60)
where ρ ≡ msol/matm.
To analyze the implications for leptogenesis, we impose
the particular texture zero Yν12 = 0 (Gonza´lez Felipe
et al., 2004). Then, in terms of the low-energy neutrino
parameters, the unflavored CP asymmetries ǫi generated
by the Ni decays read as
ǫ1 ≃ − 3y
2
τ
64π
1 + ρ
(1− ρ)(ρ+ x2 −∆) tan θ13 sin(α1/2)
× [cot θ12 cos(δ − α1/2) + tan θ13 cos(α1/2)] ,
ǫ2 ≃ ρ+ x
2 −∆
1 + ρ x2 +∆
× ǫ1 , (4.61)
where x = tan θ13/(
√
ρ sin θ12), yτ is the τ Yukawa cou-
pling, and
∆ =
1
2
(1 − ρ)
[
−1 + x2 +
√
1 + 2x2 cosα1 + x4
]
.
(4.62)
Taking, for instance, α1 = π and δ = π/2, the CP
asymmetry ǫ1 reaches its maximum value for x =
√
ρ .
This corresponds to tan θ13 = ρ sin θ12 ≃ 0.1 and
|ǫmax1 | ≃
3y2τ cos θ12
128π
1 + ρ
1− ρ ≃ 10
−6 . (4.63)
In Fig. 19, the CP asymmetries ǫi are plotted as functions
of sin θ13 taking Λ = 10
16 GeV, M = 1 TeV, δ = π/2,
α = π, and assuming yτ = 0.01 in the analytical esti-
mates. The curves correspond to the approximate ex-
pressions given in Eqs. (4.61). It is interesting to note
that, in this case, the maximum of the leptogenesis asym-
metry ǫ1 is reached for s13 ≃ 0.1, which is the sensitivity
range of future reactor and superbeam neutrino oscilla-
tion experiments.
4. Leptogenesis and flavor symmetries
Present neutrino data (see Table I) are in good agree-
ment with the so-called tribimaximal (TB) leptonic mix-
ing (Harrison et al., 2002),
UTB =

√
2
3
√
1
3 0
−
√
1
6
√
1
3 −
√
1
2
−
√
1
6
√
1
3
√
1
2
 , (4.64)
corresponding to the mixing angles θ12 = arcsin(1/
√
3),
θ23 = −π/4 and θ13 = 0 in the standard PDG
parametrization (Nakamura et al., 2010) given in
Eq. (2.12). Since the above mixing matrix does not de-
pend on any mass parameter, it is usually referred to
as a mass-independent mixing scheme. If one assumes
that the leptonic mixing is described at leading order by
UTB, it is natural to consider that this special structure
arises due to a family symmetry. In particular, discrete
symmetries are quite attractive, and the tetrahedral (al-
ternating) group A4, corresponding to even permutations
of four objects, has been especially popular and featured
in a large number of models of leptonic mixing (Altarelli
and Feruglio, 2010).
From the phenomenological viewpoint, one of the at-
tractive features of the mass-independent mixing schemes
is that they lead to a predictive neutrino mass matrix
structure which contains just a few parameters. The lat-
ter can then be directly related to neutrino observables
such as the neutrino mass-squared differences, the abso-
lute neutrino mass scale, and the effective mass parame-
ter in 0νββ decays.
Besides restricting the number of relevant parameters,
the imposition of certain flavor symmetries in the lepton
sector of the theory may lead to constraints on the CP
asymmetries in the framework of seesaw leptogenesis. In
particular, it has been recently shown that type I and
type III seesaw flavor models that lead to an exact mass-
independent leptonic mixing have a vanishing leptogen-
esis CP asymmetry in leading order (Aristizabal Sierra
et al., 2010a; Bertuzzo et al., 2009; Gonza´lez Felipe and
Seroˆdio, 2010; Jenkins and Manohar, 2008). To illustrate
this fact, we consider the standard type I seesaw frame-
work with three right-handed neutrinos νR. In this case,
the relevant Lagrangian terms are given by Eq. (2.33),
and the effective neutrino mass matrix mν is obtained
through the standard seesaw formula of Eq. (2.35).
We assume that the type I seesaw Lagrangian is invari-
ant under the transformations of a given flavor symme-
try group G, so that left-handed and right-handed lepton
fields transform as νL → GLνL and νR → GRνR, respec-
tively. Clearly, the generators GL and GR are unitary
matrices built from the columns of the unitary matrices
U andUR that diagonalize the matricesmν andmR, re-
spectively. The Lagrangian invariance then implies that
the Dirac-neutrino Yukawa coupling matrix Yν should
satisfy the symmetry relation GTLYν G∗R = Yν . To ana-
lyze the consequences of this relation for leptogenesis, we
rewrite the symmetry equations in the basis in which the
right-handed neutrino mass matrix is diagonal,
G′†RdM G′∗R = dM , G′TR HνG′∗R = Hν , (4.65)
with G′R = U†RGRUR. Assuming a nondegenerate heavy
neutrino mass spectrum, the first relation in Eq. (4.65)
requires the symmetry generators G′R,i (i = 1, 2, 3) to
be diagonal. Their explicit forms are thus given by
G
′
R,1 = diag(1, 1,−1), G′R,2 = diag(1,−1, 1) and G′R,3 =
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diag(−1, 1, 1). The action of any two of these matrices
in the second relation of Eq. (4.65) would then enforce
H
ν to be diagonal, which in turn implies that the lepto-
genesis asymmetries (4.8) and (4.11) are equal to zero.
The case of a degenerate heavy neutrino mass spectrum
can be analyzed in a similar way. In the latter case, no
leptogenesis CP asymmetry can be generated in leading
order either (Gonza´lez Felipe and Seroˆdio, 2010). Note
also that, due to the specific form of the matrix combi-
nation Hν that appears in the leptogenesis CP asymme-
tries, only the symmetry generators GR are really needed
in the above proof of vanishing leptogenesis.
Clearly, if the complete mass matrix symmetry is not
imposed as the residual symmetry of the type I seesaw
Lagrangian, the above conclusions do not necessarily re-
main valid. For instance, requiring the right-handed sec-
tor of the Lagrangian to be invariant just under the trans-
formation νR → GR,1 νR would lead to vanishing Hν13
and Hν23 off-diagonal elements. Yet a leptogenesis asym-
metry could in principle be generated with a nonzeroHν12
matrix element.
In a type II seesaw framework, the interplay between
flavor symmetries and the leptogenesis CP asymmetries
is actually different (De Medeiros Varzielas et al., 2011).
In the latter case, we can see from Eq. (4.23) that the
flavored leptonic CP asymmetries ǫαβi are proportional
to the combination Im
[
µ∗i µjY
∆i
αβY
∆j∗
αβ
]
, while the unfla-
vored asymmetry ǫi depends on Im
[
µ∗iµjTr(Y
∆iY
∆j∗)
]
.
To analyze the implications of discrete flavor symmetries
for type II seesaw leptogenesis, it is convenient to rewrite
the light neutrino mass matrix mν = UTB dmU
T
TB
in terms of three contributions (De Medeiros Varzielas
et al., 2011),
mν = xC+ yP+ zD, (4.66)
where x, y, and z are complex numbers;
C =
1
3
 2 −1 −1−1 2 −1
−1 −1 2
 , P =
1 0 00 0 1
0 1 0
 , (4.67)
denote the well-known magic and µ-τ symmetric matri-
ces, andD is the democratic matrix with all entries equal
to 1/3.
As it turns out, the type II seesaw leptonic asymme-
try is in general nonvanishing. For leptogenesis to be
viable at least two scalar SU(2) triplets are needed. Sup-
pose, for instance, that both triplets are singlets under
the family symmetry. Then, one of them can be asso-
ciated to the P contribution and the other one to the
C contribution in Eq. (4.66). If a third scalar triplet is
available, it may be associated to the democratic com-
ponent D. In this minimal setup, unless a democratic
contribution is present, the unflavored asymmetry ǫi is
zero12 because the product of the matrices C and P is
traceless, which then implies Tr(Y∆iY∆j∗) = 0. On the
other hand, the flavored leptogenesis asymmetries do not
necessarily vanish even when the democratic component
is absent.
In addition to TB mixing, there are other mass-
independent structures that can reproduce the observed
leptonic mixing angles. Below we give some examples of
such mass-independent schemes.
The transposed TB mixing has the mixing ma-
trix (Fritzsch and Xing, 1996)
UtTB =

√
1
2 −
√
1
2 0
−
√
1
6 −
√
1
6
√
2
3√
1
3
√
1
3
√
1
3
 , (4.68)
where the solar and atmospheric mixing angles are given
by θ12 = π/4 and θ23 = arctan
√
2, respectively. The
well-known bimaximal structure has the mixing ma-
trix (Barger et al., 1998)
UB =

√
1
2 −
√
1
2 0
1
2
1
2 −
√
1
2
1
2
1
2
√
1
2
 , (4.69)
and the corresponding mixing angles are in this case
θ12 = θ23 = π/4. There are also two golden ratio pro-
posals related to the quantity Φ = (1 +
√
5)/2. The first
matrix is (Kajiyama et al., 2007)
UGR =

√
1
2 +
1
2
√
5
√
2
5+
√
5
0
−
√
1
5+
√
5
√
1
5−√5
√
1
2√
1
5+
√
5
−
√
1
4 +
1
4
√
5
√
1
2
 , (4.70)
with the associated angles θ12 = arctan(1/Φ) and θ23 =
π/4, while the second matrix reads (Rodejohann, 2009)
UGR =

1+
√
5
4
√
5−√5
2
√
2
0
−
√
5−√5
4
1+
√
5
4
√
2
−
√
1
2
−
√
5−√5
4
1+
√
5
4
√
2
√
1
2
 , (4.71)
with θ12 = arccos(Φ/2) and θ23 = −π/4. Finally, the so-
called hexagonal mixing (Albright et al., 2010; Giunti,
2003; Xing, 2003) is described by the matrix
UH =

√
3
4
1
2 0
−
√
1
8
√
3
8 −
√
1
2
−
√
1
8
√
3
8
√
1
2
 , (4.72)
12 Note that, if each scalar triplet is simultaneously associated to
the magic and µ-τ symmetric contributions, the unflavored asym-
metry is, in general, nonvanishing.
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which corresponds to the mixing angles θ12 = π/6 and
θ23 = −π/4.
As in the TB case, the above mixing schemes predict
the mixing angle θ13 = 0 and therefore no Dirac-type
CP violation. The conclusions for the leptogenesis asym-
metries previously drawn are equally valid in all these
cases.
C. CP-odd invariants for leptogenesis
Based on the most general CP transformations in the
lepton sector, that leave invariant the gauge interac-
tions, we constructed WB invariants that need to vanish
in order for CP invariance to hold at low energies (cf.
Sec. II.D). CP-odd conditions derived from WB invari-
ants are a powerful tool for model building, since they
can be applied to any model without the need to go to
a special basis. In this section, we are particularly in-
terested in the construction of WB invariants which are
sensitive to the CP-violating phases of leptogenesis.
In the case of unflavored leptogenesis, the CP asym-
metry is only sensitive to phases appearing in the matrix
H
ν so that the relevant WB invariant conditions can be
readily derived (Branco et al., 2001):
I1 ≡ Im Tr[Hν(m†RmR)m∗RHν∗mR] = 0,
I2 ≡ Im Tr[Hν(m†RmR)2m∗RHν∗mR] = 0,
I3 ≡ Im Tr[Hν(m†RmR)2m∗RHν∗mR (m†RmR)] = 0.
(4.73)
The choice of these invariant conditions is not unique.
For instance, by replacingmR by m
∗−1
R in the invariants
In, one can construct another set of invariants which, for
hierarchical right-handed neutrinos, are more suitable for
leptogenesis (Davidson and Kitano, 2004).
The quantities given in Eq. (4.73) can be evaluated
in any convenient weak basis. In the WB in which the
right-handed neutrino mass matrix mR is diagonal and
real, one obtains
I1 =
3∑
i=1
3∑
j>i
MiMj(M
2
j −M2i ) Im
[
(Hνij)
2
]
= 0,
I2 =
3∑
i=1
3∑
j>i
MiMj(M
4
j −M4i ) Im
[
(Hνij)
2
]
= 0,
I3 =
3∑
i=1
3∑
j>i
M3i M
3
j (M
2
j −M2i ) Im
[
(Hνij)
2
]
= 0.
(4.74)
The appearance of the quadratic combination (Hνij)
2
in the above expressions simply reflects the well-known
fact that phases of π/2 in Hνij do not imply CP vio-
lation. Note that Eqs. (4.74) constitute a set of linear
equations in terms of the quantities Im
[
(Hνij)
2
]
, where
the coefficients are functions of the right-handed neutrino
masses Mi. The determinant of this system is equal to
M1
2M2
2M3
2(M22 − M21 )2(M23 − M21 )2(M23 − M22 )2. It
then follows that, if none of the Mi vanish and there is
no degeneracy in the massesMi, the simultaneous vanish-
ing of I1, I2 and I3 implies the vanishing of Im
[
(Hν12)
2
]
,
Im
[
(Hν13)
2
]
and Im
[
(Hν23)
2
]
. This implies, in turn, that
the unflavored type I leptogenesis asymmetries given in
Eq. (4.11) are all equal to zero.
We note that the WB invariants Ii defined in Eq. (4.73)
vanish if the heavy Majorana neutrinos are degenerate in
mass. It is nevertheless possible to construct WB invari-
ants which control the strength of CP violation in the
latter case. For instance, the weak-basis invariant
J CPdeg =M−6Tr
[
Y
ν
Y
ν T
Y
ℓ
Y
ℓ†
Y
ν∗
Y
ν†,Yℓ∗Yℓ T
]3
,
(4.75)
where M is the common heavy Majorana neutrino mass,
does not vanish in the case of an exactly degenerate heavy
Majorana neutrino mass spectrum. Thus, J CPdeg 6= 0
would signal the violation of CP in this case.
For flavored leptogenesis, the phases appearing in Hν
are still relevant. There is, however, the possibility of
generating the required CP asymmetry even for Hν real.
In this case, additional CP-odd WB invariant conditions
are required, since Ii cease to be necessary and sufficient.
A possible choice are the CP-odd WB invariant condi-
tions obtained from Ii through the substitution of H
ν by
Ĥ
ν = Yν†YℓYℓ
†
Y
ν , and which are sensitive to the addi-
tional phases appearing in flavored leptogenesis (Branco
et al., 2009b).
V. CONCLUSIONS AND OUTLOOK
After almost 50 years since its discovery, CP violation
is still at the core of particle physics and cosmology. In
the quark sector, CPV has been established in both the
kaon and B meson sectors, and the results obtained so far
are compatible with the standard complex CKM mixing
picture. With the discovery of neutrino masses, the nat-
ural expectation is that CP is also broken in the lepton
sector. Indeed, in a unified description of fundamental
particle physics, it is hard to imagine a scenario with
CPV in the quark sector and not in the leptonic one.
The prospects for discovering LCPV in neutrino os-
cillation experiments mainly depend on the value of the
reactor neutrino mixing angle θ13. The smaller this an-
gle is, the longer we will have to wait until experiments
become sensitive to CP violating effects. In the best-case
scenario, CPV could be discovered in the near future by
combining the data of reactor neutrino and superbeam
experiments (see Sec. III.B.4), if θ13 is not too small. If
this is not the case, then we will probably have to wait
for upgraded superbeams, β or electron-capture beams,
or neutrino factories. The recent data from the T2K ex-
51
periment in Japan indicate the appearance of νe from
the original νµ neutrino beam with a number of observed
e-like events, which exceed the expected ones. The prob-
ability of explaining the results with θ13 = 0 is less than
1% and the obtained 90% C.L. interval for sin2(θ13) is
[0.03(0.04), 0.28(0.34)], with the numbers in parenthesis
referring to the case in which ∆m231 < 0. Such an in-
dication of a nonzero (and not very small) value of θ13
is a good omen for the prospects of discovering CP vi-
olation in the near future. With some luck, a hint for
CPV could be provided by combining the data of su-
perbeam (NOνA and T2K )and reactor neutrino exper-
iments (Double Chooz, Daya Bay and RENO). In any
case, upgraded superbeams, β beams, or neutrino facto-
ries will be for sure necessary to confirm such a hint and
measure the CP-violating phase δ.
It has been advocated that 0νββ decays could, in prin-
ciple, provide some information about Majorana-type CP
violation in the lepton sector. Although this is true in
theory, the task of extracting information about the Ma-
jorana phases using 0νββ results is nontrivial. This holds
even in the simplest scenario in which 0νββ is induced
by the exchange of light Majorana neutrinos. As dis-
cussed in Sec. III.C, the main difficulty in the Majorana
phase determination from 0νββ measurements resides on
the uncertainties inherent to the nuclear matrix element
determination. In particular, the precision required to
make conclusive statements about Majorana CP viola-
tion seems to be far from what can be achieved. The ob-
servation of 0νββ would establish the Majorana nature
of neutrinos, and therefore would favor some neutrino
mass generation mechanisms over others. In the near fu-
ture, the experimental sensitivity of 0νββ experiments
will cover the region where ∆m231 < 0, covering the IH
and QD neutrino spectrum cases. The combined study of
0νββ and β decay, neutrino oscillations, and also cosmo-
logical data, will be crucial to improve the knowledge of
neutrino fundamental parameters and test the minimal
0νββ mechanism.
If neutrino masses are generated at an energy scale not
far from the electroweak scale, there is a hope to test the
neutrino mass mechanism at high-energy colliders like
the LHC. In such a case, it is straightforward to infer
that the presence of CP violation in the neutrino sector
would have an impact on the physical processes involving
the neutrino mass mediators. In Sec. III.D and III.E, we
illustrated how the leptonic CP phases affect the rates of
several lepton decays in the context of the type II seesaw
mechanism, in which neutrino masses are generated by
the tree-level exchange of scalar triplets. The fact that
the effective neutrino mass matrix is linear in the triplet-
lepton-lepton couplings, allows one to write in a model-
independent way the decay rates in terms of the low-
energy neutrino parameters. In particular, we have seen
that some decays are only sensitive to a particular set
of CP phases. Therefore the detection of such decays
complemented with neutrino data could provide extra
information on leptonic CPV.
Another important question to be answered by future
experiments is whether CP violation in the lepton sec-
tor follows the traditional CKM-like form with a unitary
lepton mixing matrix. As discussed in Sec. III.F, devi-
ations from unitarity in leptonic mixing appear in sev-
eral extensions of the SM. Therefore, the detection of
such effects would definitely point towards nonstandard
physics. Nonunitarity effects are, in some cases, severely
constrained by electroweak processes like radiative and
three-body charged-lepton decays or leptonic W and Z
decays. In Sec. III.F, we reviewed the present constraints
on the unitarity of the leptonic mixing matrix in the con-
text of the simple MUV hypothesis. In this framework,
deviations from the standard CP violation scenario can
be observed in future neutrino oscillation experiments
like neutrino factories.
CP violation also plays a crucial role in cosmology,
since the dynamical generation of the observed baryon
asymmetry of the Universe requires that CP is violated.
Once the SM is augmented with heavy states which can
explain the smallness of neutrino masses, leptogenesis
arises as the most natural and appealing mechanism to
generate the excess of matter over antimatter. The CP
violation present in the decays of the heavy Majorana
neutrinos, not only gives rise to a leptonic asymmetry
but it is also present in the effective neutrino mass matrix
determined by the seesaw mechanism. Thus, one would
expect that a connection between CP violation at low
energies and the one relevant for leptogenesis could be
established. Unfortunately, establishing this connection
in a model-independent way is not possible. In general,
assumptions about the flavor structure of the neutrino
couplings and/or masses have to be considered in order
to make predictions. In Sec. IV, we showed a few exam-
ples in which a bridge between LCPV at low and high
energies can be established. Obviously, the ultimate goal
would be to test the leptogenesis mechanism at low ener-
gies, but this would be only possible if the lepton asym-
metry is generated in the decays of particles that could
be produced in accelerators. For certain, this will not
be the case in a conventional leptogenesis framework in
which the decaying seesaw mediators have masses much
larger than the electroweak scale. However, if the origin
of lepton-number violation is related to physics within
our reach, then there may be a hope to test the leptoge-
nesis mechanism or, at least, get a hint for it.
The answers to many of the open questions discussed
in this review depend on the capability of future exper-
iments to explore the unknown. In the neutrino sector,
the milestones achieved in recent years have already ex-
cluded many theoretical ideas. Still, there are important
questions like the ones concerning leptonic CP violation
which are waiting for answers. We hope to find them just
around the corner.
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Note added in proof.- Recently, through the observa-
tion of electron-antineutrino disappearance, the Daya
Bay Reactor Neutrino Experiment has measured the
nonzero value (An et al., 2012) sin2(2θ13) = 0.092 ±
0.016(stat)±0.005(syst) with a significance of 5.2σ. This
confirms the T2K and MINOS experimental data pre-
sented in Sec. III.A and reinforces the prospects of a
possible discovery of leptonic CP violation in the near
future.
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